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Abstract 


Nonmetallic inclusions in steel have been a direct cause 
of great expense to the steel industry because, through our 
lack of knowledge regarding the effects of these inclusions, 
much time and money are spent in inspection and rejection 
of material containing them. The present paper points 
out the sources of inclusions in steel, methods of manu 
facture which seem best suited for the elimination of in 
clusions, and deals with some of the effects of inclusions 
in steel. It would appear that closer cooperation between 
the consumer and producer ts necessary before the inclu- 
ston problem can be satisfactorily solved, and this can only 
be accomplished through a more thorough understanding 
of the entire problem. One of the first steps im the solu- 
tion of this problem should be the preparation and careful 
examination of steels containing no inclusions. 


FOREWORD 


T has been the speaker's good fortune to see the two sides of steel 
making, producer’s and consumer’s, from an ifidependent position, 
and from this vantage point it has been possible to draw conclusions 
regarding nonmetallic inclusions which may be of interest, par 
ticularly during the present period of supercritical inspection. 
Before entering into the subject matter, | wish to acknowledge 
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the most valuable assistance of my associates at the Bureau of Mines 
for the collection of a great deal of the data from which many of the 
conclusions are drawn. I am particularly grateful for the help 
given by G. R. Fitterer of the Bureau of Mines and C. F. Christo- 
pher of the Advisory Board staff. 


Types oF INCLUSIONS PRESENT IN STEEL 
Inclusions Visible at 250 Diameters Magnification 


There are two general types of inclusions in rolled steel in this 
category—"‘stringers” and “‘clouds.”” Stringers are composed of ma- 
terial which was plastic at the temperature of rolling, and liquid when 
the ingot was cast. In killed steel, stringers are usually silicates, 
sulphides, or silicate material containing dissolved sulphide. Alumina 
and aluminum silicate are generally observed as masses of tiny par- 
ticles which give the appearance of clouds to the unaided eye and 
which appear as groups at 250 diameters magnification. These tiny 
particles are formed of inclusions which were solid at both the steel 
making and rolling temperature. Almost all stringers are visible at 
250 diameters magnification, indicating that most of the liquid par- 
ticles in the liquid steel had coalesced to some extent. These stringers 
may or may not show structure, depending very largely on the com- 
position of the inclusion, the original rate of cooling, and the heating 
to which the steel has been subjected. For example, in a steel ingot, 
silicate particles high in silica are usually glassy; but on a double 
heat treatment, as in the case of a re-rolled product, these particles 
generally change to a gray amorphous material. The glassy par- 
ticles, such as the manganese silicates, will be green, yellow, orange, 
or a combination of these colors, depending on the composition of 
the inclusion. On cold working, and sometimes on hot working, 
stringers may be broken up into chains if the inclusion material is 
sufficiently brittle. In other types of inclusions, stringers may be 
drawn out to very fine threads with no discontinuities. This would 
indicate that the physical properties of the slag comprising the strin- 
ger have considerable influence on the final appearance of the inclu- 
sion. The temperature-viscosity relation of the various inclusion 
slags is the determining factor on the physical condition of any in- 
clusion for a given amount of hot or cold work. Aluminum or alu- 
minum silicate particles show great tendencies to coagulate, but not 
to coalesce. This indicates that the inclusion was solid at steel- 
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making temperature and that coagulation was due either to grouping 
from surface tension effects, or to concentration of material during 
solidification of the ingot. There are many instances where this 
latter factor is certainly the cause for grouping, as the alumina par- 
ticles may be definitely seen around the grain boundaries of the 
metal. 

Sulphides are in solution in liquid steel, and their mode of oc- 
currence in the solid metal depends on the manganese content and 
on the rate of solidification. It has been shown (1)! that the 
amounts of manganese and sulphur which may be mutually present 
in liquid pig iron increase rapidly with increasing temperature. 

At 1475 degrees Cent. (2690 degrees Fahr.) the approximate 
freezing point of a 0.40 per cent carbon plain-carbon steel, the solu- 
bility product, per cent Mn times the per cent S equals 0.90 in pig 
iron. From data obtained in an earlier research on iron containing 
less than 0.05 per cent of carbon (2), the solubility product was ap- 
proximately 0.50 at about 1550 degrees Cent. (2825 degrees Fahr.). 
It may therefore be stated positively that in a steel containing 0.70 
per cent of manganese and 0.035 per cent of sulphur, all the sulphur 
would remain in solution until the steel began to crystallize, because 
the product per cent Mn times per cent S equals 0.0245. It is 
probably the concentration of sulphur in the liquid between crystal- 
lites that promotes the precipitation of manganese sulphide. Slow 
cooling would, of course, promote the concentration of sulphur be- 
cause the mother liquor is not as completely trapped as in a rapidly 
cooled test. The rate of cooling has, therefore, a considerable effect 
on the type of sulphide which will appear. For example, in high 
manganese, high sulphur steels, a splash test will show very little 
manganese sulphide. On the other hand, the interior of a slowly 
cooled ingot will show manganese sulphide to be the predominant 
nonmetallic present. Although the term “manganese sulphide’”’ is 
commonly used to designate the globular sulphide inclusion in cast 
steel and the elongated sulphide inclusion in rolled steel, the inclu- 
sion is actually an iron-manganese sulphide. 

Sulphides are usually present in silicate inclusions, because the 
sulphides are quite soluble in silicate melts. For this reason, silicates 
have often been confused with sulphides because a silicate inclusion 
containing some sulphide will give a definite sulphur print. An ex- 





1The numbers appearing in parentheses refer to bibliography appended to this paper. 
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ample of such a mistake was found in some broken transverse ten- 
sile tests which were investigated for inclusions. The manufacturer 
who furnished the broken tests stated that there was practically no 
reduction of area and that there were large plates of sulphides at the 
fracture, and in order to correct the defect he was attempting to 
prevent sulphur segregation in his ingots. The analysis of the steel 
showed only 0.016 per cent of sulphur and a check analysis on the 
tensile bar gave 0.018 per cent of sulphur. On extraction of the 
yellow plates at the fracture of the tensile test, it was found that 
the plates analyzed 65 per cent of silica and 28 per cent of manganese 
oxide. The plates were not analyzed for sulphur but gave a definite 
sulphur print. The inclusion was, therefore, a manganese silicate 
containing manganese sulphide. 

In another case a large nonmetallic particle caused the rejection 
of a machined section of steel and the rejection was reported as 
“due to sulphide inclusions.”’ A microscopic examination of a large 
inclusion showed a structure quite similar to that of a synthetic 
manganese silicate. The records of the heat in question showed that 
the heat had been killed with manganese and silicon in the ladle. 

The above examples are typical of the confusion in identification 
of inclusions which results from sulphur printing or from the 
chromic acid test for sulphides. 

In rimmed steels, most stringers are MnO-FeO complexes, or 
manganese sulphide, or combinations of the two. Occasionally a 
large silicate stringer will appear in a rimmed steel, and various data 
indicate that these silicate stringers arise either from nonmetallic 
matter in the charge which has not been eliminated during the re- 
fining period, or from erosion of the runner or ladle. As will be 
shown later, these large silicate stringers are dangerous for deep- 
drawing material. Alumina clouds are occasionally observed in 
rimmed steel, but there is usually enough iron oxide or manganese 
oxide present in the steel to flux out these alumina particles, unless 
the aluminum is added in the mold, in which case a considerable por- 
tion of the Al,O, formed will be found in the ingot. 


Particles Invisible at 250 Diameters Magnification 


Particles invisible at 250 diameters magnification may be classed 
as discrete particles when they are 0.0002 mm. in diameter or larger, 


as colloidal dispersions when smaller, and as solid solution material, 
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There is abundant metallographic evidence that particles invisible at 
250 diameters exist in steel. There is also some chemical evidence. 
As an example of this, ladle tests and material cut from forgings 
were obtained on an acid open-hearth heat in which the steel had been 
given a special deoxidizing treatment. The ladle test showed abso- 
lutely no inclusions at 250 diameters, but the forged material con- 
tained silicate particles. An analysis of the two specimens by the 
electrolytic method showed that the ladle test contained 0.023 per 
cent of SiO, and that the section from the forging contained 0.021 
per cent of SiO,. Because of the high-silica slag in the acid open- 
hearth furnace and the fact that silica is slightly soluble in liquid 
steel, it was evident that the ladle metal contained silica so finely dis- 
persed that it could not be seen at 250 diameters, and that this mate- 
rial had coalesced in the ingot mold. 

If a steel has been dead-killed with aluminum, the particles of 
Al,O, are readily discernible at 500 diameters and difficultly so at 
100 or 250 diameters. Aluminum silicates, formed when steel is 
deoxidized with aluminum and silicon or with aluminum-silicon al- 
loys, form a grouping which can be seen easily with the unaided eye, 
but the particles themselves are quite small and it is necessary to use 
high magnification to study them individually. 


Solid Solution Material 


There are three general methods of determining whether mate- 
rial is present in solid solution in steel: (1) by determining whether 
the material diffuses through solid steel at various temperatures ; 
(2) by metallographic evidence obtained at very high magnifications, 
in conjunction with chemical analyses of proved merit (the latter, 
by the way, up to the present time is subject to considerable dispute) ; 
and (3) by changes in physical properties of steel containing variable 
amounts of the constituent under consideration. Method 2 is in 
reality evidence rather than proof. 

It is well known that oxygen as FeO is present as a solid solu- 
tion in steel. The three methods of determining the solid solubility 
have been applied to this material as follows: 

1. FeO has been shown to diffuse readily in steel. 

2. Chemical analyses for FeO have shown considerable 
amounts to be present when there is no evidence of nonmetallic par- 
ticles even at high magnifications. 
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3. The electrical resistivity of three samples of iron high in 
FeO, and with negligible amounts of other impurities, gave the fol- 
lowing results: (3) 


Resistivity, 


Sample FeO Micro-ohms 
No. Content per cm.® 
1 1.03 11.42 
2 1.12 11.18 
3 1.37 11.05. 


These data indicate that the electrical resistivity was practically con- 
stant, even with a large increase in the total FeO content of the 
metal, and that the resistivity is considerably higher than that which 
would be expected for pure iron. The change in resistivity must 
have been due to solid solution material which would have been 
equal in all three irons, and not to the total amount of iron oxide 
present. It would appear that the resistivity measurements on irons 
containing small amounts of FeO might definitely fix the solid solu- 
bility point of FeO in pure iron. The three methods of determining 
solid solubility all give a positive result, and therefore there must be 
no question that iron oxide is present in solid solution in iron. There 
is no direct evidence for solid solubility of MnO, but as this oxide is 
quite analogous to FeO we should expect some solid solubility of 
this oxide. 

Campbell's (4) pioneer researches on the diffusion of sulphur 
through steel, confirmed by Arnold and McWilliam (5), indicated 
that the rate of diffusion was much faster than has been found by 
later investigators. The experimental method used by Campbell 
Was open to some criticism but nevertheless gave definite proof that 
sulphur would diffuse through steel. Mahin’s experiments (6) were 
exceedingly important contributions to the entire inclusion problem 
and showed how sulphur diffused into steel and also how it affected 
the crystallization of the steel at the point of high sulphur segrega- 
tion. His results appear to be entirely in accord with the conclusions 
derived from the solubility product. 

Researches of other investigators have indicated some _ solid 
solubility for FeS and less for MnS. Rates of diffusion for various 
materials in solid steel have been determined as follows (7): 


Rate of Diffusion, 


Material mm. per Hour 
MnS 0.0029 
MnS + FeS 0.0720 
FeS 0.1147 
FeO 0.1434 


Fe.C 


5.7300 
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Andrew and Binnie (8) showed by experiments on the change 
at the A, point that sulphur was held in solid solution in iron-sulphur 
alloys when the melt was rapidly chilled, and that deposition of FeS 
occurred on reheating above 900 degrees Cent. (1650 degrees Fahr.). 
Their results on manganese-iron-sulphur alloys were indefinite but 
‘seem to show that Mn§, if it is at all soluble in solid iron, is only 
very slightly so.” 

There is no evidence of any appreciable solid solubility of SiO 
or Al,O, or of the silicates or aluminates high in these two con- 
stituents. Sif Ms must be slightly soluble in liquid steel, as evidenced 
by the silicon pick-up in the acid open-hearth furnace. Its solubility 
in solid steel is probably much too small to be measured by any direct 
method. On the other hand, silicates high in FeO or MnO might 
give some solid solubility of FeO or MnO in the steel, due to the 
distribution of FeO and MnO between slag and metal at elevated 
temperatures. The fact that the silicates high in FeO and MnO 
are rolled out into thin stringers without fracture of the nonmetallic 
particle is evidence that the particle is sufficiently fluid to allow dif 
fusion of FeO or MnO from the inclusion into the steel or vice 
versa. Furthermore, the facts that silicate particles high in silica or 
alumina particles are not attended by ferrite banding after rolling, 
and that MnQO-FeO stringers or silicates high in FeO and MnO do 
show such banding, are certain indications that the oxides must be 
present in solution in the steel surrounding the inclusions. We 
would expect inclusions which are soluble in solid steel to have a 
definite effect on its structure, and a consideration of this phase of 
the subject will be taken up later. 


SouRCE OF INCLUSIONS IN STEEL 


This phase of the inclusion problem has been repeated so often 
that it will be unnecessary to go into detail here. However, from 
the standpoint of advance in the science of steel-making and the 
production of clean steel, there are some factors which should be 
emphasized. Inclusions in finished steel may be traced to one of 
three sources: 

1. In all steel-making operations the liquid steel is in contact 
with refractory material, and many steel manufacturers feel that 
some of this refractory material may occasionaily find its way into 
the steel through the scouring action in the runner of the furnace, 
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1% 
the ladle lining, or nozzle of the ladle. However, cases where these os 
inclusions are present are comparatively rare. q th 

2. Another source of inclusions is nonmetallic matter brought is 
into the steel-making operation through the charge itself. In any 4 th 
steel-making operation where scrap and pig iron are charged, such i" 
nonmetallics must be introduced. Generally speaking, the amounts 3 ae 
of these impurities are small and, if the refining operations are <] 
properly carried out, a large percentage of them_should be eliminated 
because the steel is in contact with the slag for several hours. : 

There is one important point in this respect in a comparison of th 
electric furnace and open-hearth steel. In the electric furnace the 3 o 
purity of the charge is of great importance because there is little a 6 
or no action in the bath throughout the course of the operation. In q th 
the open-hearth furnace, on the other hand, there is ample time and 4 i 
agitation for nonmetallic matter to be scrubbed out of the steel into st 
the slag. Therefore, it is not necessary for the open-hearth operator 
to select his charge as carefully as for the electric furnace operator. a ‘ 
There is some evidence that nonmetallic matter tends to build up in 
a closed cycle in electric furnaces which use their own scrap. This 4 
has been thought to be particularly true of a nonmetallic which has 4 | 
not been mentioned up to this point—namely, nitrogen. 4 | 

3. The third and most prolific source of nonmetallic inclu- 4 
sions is from the deoxidation process (9), and it is here that the a 
steel maker’s skill shows itself, and where the greatest advances in , 4 
steel cleanliness and reliability may be made. In all steels made in f 
the open-hearth furnace, and in many cases in electric furnace prac- ‘ 
tice, it is necessary to eliminate carbon and other metalloids from the | 
charge by oxidation. This oxidation is accomplished by the transfer | t 
of iron oxide from the slag into the steel and its subsequent reaction ] ' 
with the various metalloids. Before the steel can be poured into the , 
ingot mold, it is necessary to eliminate part or almost all of the ‘ ( 
residual iron oxide so that the steel will be suitable for the service : 
intended, and it is from the deoxidation of the steel that the great bulk ii | 
of nonmetallic matter present in the steel is formed. 7 } 


The oxidation of the steel depends on the degree of oxidation ; 
of the slag, the carbon content of the steel, and the bath temperature. { 
An extensive investigation now in progress at the Bureau of Mines 
has shown that the iron oxide content of the slag is the controlling 
factor under operating conditions, and that the metal is generally 
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from 60 to 80 per cent saturated with iron oxide (with respect to 
the composition of the slag) at the time the heat is ready to be 
tapped. Obviously, the operator who controls as closely as possible 
the iron oxide content of the slag has a better chance of producing 
a metal of uniform iron oxide content when the heat is ready to be 
deoxidized than an operator who pays but slight attention to the 
slag and allows its iron oxide content to vary over a wide range. 

I have in mind two plants where the two extremes can be seen. 
In one, slag is uppermost in the superintendent’s and melters’ 
thoughts, and in the other it receives slight consideration. In the 
first plant, on a series of 100 heats the iron oxide content varied 
from 11 to 16 per cent. In the other, on the same grade of steel, 
the iron oxide content of the slag varied from 14 to 32 per cent. It 
is quite obvious that the first plant is in a better position to produce 
steel which is more uniform from heat to heat than the second plant. 

There are three ways of deoxidizing steel: (1) To partially de- 
oxidize in the ladle and to complete the deoxidation in the mold; 
(2) to deoxidize entirely in the ladle; and (3) to deoxidize as far 
as possible in the furnace and to complete the deoxidation in the 
ladle. Most so-called “quality shops’ employ the latter method. 
However, the first method implies as much quality as the third, pro- 
vided that the customer is satisfied. 

The question arises now as to the benefits of the various ways of 
deoxidizing the steel. In the first place, it is advisable to produce a 
fluid nonmetallic particle which will have an opportunity to coalesce 
with other particles and rise out of the steel rapidly. In the second 
place, it is advisable to form as few of these particles as possible so 
that the minimum will be left in the steel. This does not mean that 
the steel should not be fully deoxidized, but that the iron oxide con- 
tent of the steel should be as low as possible before deoxidation. 
Open-hearth baths vary from 24 to 40 inches in depth. Ladles for 
open-hearth steel are from 10 to 14 feet deep. It is obvious, there- 
fore, that most of the deoxidation should be done in the furnace, 
provided sufficient time is allowed for the nonmetallic matter to 
rise out of the steel into the slag. With these two statements in 
mind, it is easy to understand why the operator making steel to a 
strict cleanliness specification employs deoxidation in the furnace as 
the first step and final deoxidation in the ladle as a second step. 

The advantage of deoxidizing in the furnace may be illustrated 
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by Fig. l—an average of 30 heats on which the iron oxide content 
of the metal was determined by the aluminum method (10). In 
this case the steel had a 0.40 per cent carbon, 0.60 per cent man- 
eanese, and 0.15 per cent silicon specification. At the time the 
heats were ready to be tapped, the average iron oxide content of 
the steel was 0.230 per cent. The heats were deoxidized with two 
different amounts of high-silicon spiegel in the furnace, and follow- 
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Fig. 1—Effect of Increasing Furnace Deoxidizer on FeO in the Metal. 


ing this the necessary ferromanganese addition was made and ferro- 
silicon was added in the ladle. The heats were made in 60-ton basic 
open-hearth furnaces. On the first series of heats, 2500 pounds of 
silico-spiegel was added to the steel, the contained silicon being 
equivalent to 0.07 per cent of silicon in the steel. Ten minutes later 
ferromanganese was added, and 10 minutes later the tapping hole 
was opened. Just before the ferromanganese addition, the iron oxide 
content of the steel had dropped to 0.140 per cent. Just before the 
tapping hole was opened, the iron oxide content had increased to 
0.166 per cent. The rise in iron oxide was due to diffusion of FeO 
from slag to metal which had been taking place throughout the oxi- 
dizing and deoxidizing period. An extrapolation of the curve for 
iron oxide showed that there was approximately 0.177 per cent FeO 
in the steel going into the ladle. 


at aneas ah Soe 
— ae % 


eke 





pi BAS Gobet as 


jO3 


th 
la 
ti 
ac 
ti 
(), 


































ee A Laat ad 
cat aa etia toms 
A . 


Deghis feweaL 





VONMETALLIC INCLUSIONS IN STEEI 11 





In the second series of heats, the amount of silico-spiegel was 
raised to 3500 pounds, the contained silicon being equivalent to 0.10 
per cent of silicon in the steel. In this series the iron oxide content 
of the steel had decreased to 0.115 per cent just before the ferro 
manganese addition and was at 0.112 per cent at the time the tapping 
hole was opened. Extrapolation of this line gives 0.115 per cent 
FeO at the time the heat was in the ladle. The decrease in iron oxide 
content in this series over that in the first series was due to the extra 
deoxidizer added, not only decreasing the iron oxide content at the 
time of the addition, but also protecting the steel from reoxidation by 
the slag. 

Now, 1f we assume that the silicon addition in the ladle would 
decrease the iron oxide content to approximately 0.03 per cent, a 
hgure derived from the equilibrium constant for silicon and iron 
oxide (9), 


KK (per cent free silicon) (per cent FeO) 165 «x 10°, 


the amount of iron oxide which it is necessary to eliminate in the 
ladle was 0.147 per cent in the case of the 2500-pound spiegel addi- 
tion, and 0.085 per cent of FeO in the case of the 3500-pound spiegel 
addition. If the heat had been tapped without this furnace deoxida- 
tion, the amount of FeO eliminated in the ladle would have been 
0.200. In terms of SiO, formed, the amounts would be as follows: 


Per Cent 
Deoxidizer SiO» Formed 
No spiegel addition 0.084 
2500 pounds splege ] 0.062 
3500 pounds spiegel 0.036 


It is thus seen that it is extremely desirable to deoxidize the steel 
as strongly as possible in the furnace before making the ladle addi- 
tion. 

There is a qualification which must be inserted at this point: 
Unless the products of deoxidation in the furnace are eliminated, 
there is obviously no advantage in deoxidizing there and, in fact, it 
is possible that more nonmetallics may be formed by improper de- 
oxidation in the furnace followed by deoxidation in the ladle. 

Another point in furnace deoxidation is that the heat should 
not be allowed to “open up” before tapping, because if this is al- 
lowed the iron oxide content of the steel will have increased to such 
an extent that the benefit of the furnace deoxidation will have been 
lost. It is obvious that if the heat is allowed to open up, any good 
effects of the furnace addition will have been nullified. 
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It is well known that it is more difficult to produce clean low 
carbon killed steel than clean high carbon killed steel. This is be- 
cause it is necessary to increase the oxidation of the steel to make 
a low carbon heat. The FeO content of the slag is generally higher 
on low carbon heats and therefore the FeO content of the steel is 
higher. Furthermore, the rate of reoxidation of this low carbon 
steel is greater because of the more oxidizing slag. There are there 
fore more nonmetallic inclusions formed here than on higher carbon 
steels. It is my firm opinion that if the manganese specifications on 
most steels could be increased, the consumer would obtain a much 
cleaner product in a killed steel. The general manganese specification 
for low carbon steels is so low that it is difficult to get enough man- 
ganese oxide into the metal to flux properly the oxides formed from 
the stronger deoxidizers. It is obvious, of course, that, on account 
of the physical properties desired, in many grades of steel the man- 
vanese cannot be raised unless some other element is lowered. Wher- 
ever it is possible to raise the manganese specification it would seem 
advisable to do so. 


CONCENTRATION OF INCLUSIONS AND SEGREGATION 
IN STEEL INGOTS 


Having discussed the various types of inclusions present in steel 
and having described their origins, it is proper to account for their 
disposition in the steel ingot. The mode of segregation of a metal- 
loid or nonmetallic depends primarily on its solubility in liquid steel. 


Killed Steel 


In killed steels the crystallization of the ingot has been dis- 
cussed at great length by a number of writers. One of the best and 
most complete discussions is by Hultgren (11) who specifies four 
zones of crystallization in a steel ingot, as follows: (1) Surface 
crystals formed by the rapid cooling of the skin of the ingot when it 
is in contact with the mold; (2) elongated crystals formed as the 
cooling rate of the steel decreases due to the formation of the air 
gap between the ingot mold and the ingot; (3) a still more slowly 
crystallized zone where the cooling rate has been retarded sufficiently 
so that the crystals no longer have the tendency to align themselves 
perpendicular to the wall of the ingot; and (4) the central zone of 
the ingot where free crystallization takes place. 
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Figs. 2 and 3 show electrolytically etched sections of two ingots 
with the segregation of nonmetallic matter plotted at the proper posi- 
tions. These ingot sections were taken from the skin to the center at 
a point midway between the center and top of the ingots. The heat 
from which the ingot of Fig. 2 was cast was made by deoxidizing 
the steel with silico-spiegel in the furnace, followed by the ferro- 
manganese addition in the furnace, and the deoxidation was com- 
pleted by an addition of ferrosilicon in the ladle. The heat from 
which the ingot of Fig. 3 was cast was made by retarding the carbon 
elimination by a small addition of ordinary spiegel and deoxidizing 
in the ladle with ferromanganese, ferrosilicon, and Alsifer. The 
analysis of the two heats was: 


Per Cent 
c Mn P S Si 
Ingot of Fig. 2 0.36 0.52 0.018 0.027 0.19 
Ingot of Fig. 3 0.38 0.48 0.012 0.028 0.17 


The four zones of crystallization described by Hultgren are 
clearly shown in Fig. 2. The etchant brings out the crystallization to 
a marked degree, and there are many points of interest which could 
be discussed on ingot structure, secondary crystallization, and other 
technical details. However, we will confine ourselves to the segre- 
gation of nonmetallic matter and its connection with crystallization. 
The ladle test analyzed 0.023 per cent of SiO,. Apparently the 
globular silicates, which are represented largely by the percentage of 
silica in the steel, are simply pushed forward ahead of the growing 
crystallites until the point of free crystallization occurred. At this 
point there was no reason for the silicate particles to move in any 
direction except upwards and, because in this particular ingot the 
particles were rather small and had no appreciable rising velocity, the 
wall of high silica content was simply held in place by the final 
crystallization of the center of the ingot. There being no reason for 
silica particles to diffuse from a region of high concentration to.a 
region of low concentration, the center of the ingot had the same 
silica content as the original steel. The fact that the MnO segrega- 
tion line does not follow the silica line indicates that.some of the 
MnO in this particular ingot was not combined with silica as man- 
ganese silicate. Furthermore, the manganese oxide concentration 
decreases toward the center of the ingot in a manner which indicates 
that manganese oxide had risen out of the central zone of the ingot 
toward the sinkhead, so that more manganese oxide was found at the 
hase of the sinkhead than at any other point in the ingot. It was 
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unfortunate in this case that the sections sampled happened to fall 
almost exactly in the zone of a bridge across the ingot. Just below 
the sections sampled there was some porosity and above the sections 
an increase in carbon concentration in the steel. For this reas mn there 
is little or no sulphur segregation. However. the fact that the sul- 
phur segregation in no way followed the silica segregation is strong 
proof that the sulphur in the liquid steel was in solution, and was 
not present as globules of iron-manganese sulphides. This point has 
been explained in a previous section of this paper. On this ingot 
there was the normal segregation of phosphorus and carbon present 
in almost all ingots—that is, there was a slight segregation from out- 
side to center amounting to about 0.04 per cent of carbon and 0.005 
per cent of phosphorus. 

In the ingot of Fig. 3 the structure is so entirely dendritic that 
it is almost impossible to follow the zones of crystallization. How- 
ever, the alumina curve indicates a maximum at about midpoint be- 
tween the center and skin of the ingot, and this is probably the point 
at which free crystallization commences. The addition of aluminum 
to the ladle brought the silica content of the steel to a considerably 
lower value than in the ingot of Fig. 2, substituting Al,O, in its 
place. The maximum of silica in Fig. 2 and alumina in Fig. 3 cor- 
responds very closely to the lines of high segregation of nonmetallics 
described by Dickenson (12). 

It might be noted here that in the discussion of Hultgren’s paper 
(11) Whiteley stressed the fact that sulphur segregated in the same 
manner as carbon and phosphorus, particularly in the top of the ingot, 
and he stated that this was true in spite of the fact that sulphide of 
manganese and iron appears to be insoluble and to be dispersed in 
the liquid as minute globules. The above information on segregation, 
combined with the solubility product given previously, shows that the 
idea that sulphides are insoluble in liquid steel is quite erroneous, and 
that they simply precipitate out during the crystallization of the steel. 

At the time of writing, the analyses had not been completed on 
all the ingots of the series under investigation, but the results so far 
obtained show quite definitely that there is a wide variation of non- 
metallic content at various points in the steel ingot. These variations 
are not due to analytical error, as shown by the trends of consecutive 
analyses. This variation in nonmetallic content in a steel ingot can- 
not be stressed too highly, as inspection of finished material is too 
often based on metallographic evidence from an extremely limited 








the 
cel 
thi 
sol 
prt 
CTY 





nber 


fall 
‘low 
ons 
ere 
sul- 
ong 
was 
has 
got 
ent 
ut- 
N05 


hat 
w- 
be- 
int 
um 
bly 

its 
OTr- 


Ics 


eT 


ne 


of 

in 
yn, 
he 
nd 
el. 
on 
ar 


ns 
ve 


dO 


piilaieaa heii scans ate 


a 


ca yagi: Ce ; cise wih back is 







































1931 VONMETALLIC INCLUSIONS IN STEEI 17 


quantity ot steel. As a matter of fact, there is no doubt that there 
are rejections based on dirty steel because the sample has been taken 
at a peak of segregation and acceptance where a sample has been 
taken at a point of minimum nonmetallic content. Any number of 
cases could be cited where the minimum point of segregation in a 
very dirty ingot is lower in nonmetallic matter than the maximum 
point in segregation of a very clean ingot. The utmost importance 
should therefore be attached by the consumer to the proper sampling 
of the steel. 
Rimmed Steel 


Rimming steel, used in large amounts for sheets, strip, etc., is 
generally partially deoxidized with ferromanganese, followed by a 
small addition of aluminum in the ladle or the mold to control the 
evolution of gas from the ingot. The major nonmetallics in this 
grade of steel are MnO-FeO complexes, sulphides, and small amounts 
of SiO, and Al,O,. The amount of MnO formed on deoxidation 
depends on the oxidation of the bath before deoxidation, the tempera- 
ture, and the amount of manganese added. The FeO-MnO diagram 
(13) indicates that FeO-MnO slags formed on the deoxidation of 
rimmed steel should almost always be liquid, but there are some cases 
in which this may not be altogether true, particularly if the steel is 
too low in iron oxide before the ferromanganese addition. If the 
operator can obtain the proper rimming action in the mold, this grade 
of steel will usually be quite free from oxide inclusions, but may 
contain large amounts of sulphides in the upper central sections of 


the ingot due to normal sulphur segregation. Most of the oxygen 
present in this grade of steel is in solid solution. There is only one 


way to prevent sulphur segregation in rimming steel, and that is to 
have no sulphur in the ladle metal. The sulphur content of this low 
carbon steel is quite important in some grades of deep drawing steels 
Silicate inclusions, if present, are due to refractories or to an un 
usually dirty charge. 

In an ingot of rimmed or partially deoxidized steel the skin of 
the ingot is extremely low in metalloids and there is a high con- 
centration of metalloids in the upper central section of the ingot. As 
this type of steel crystallizes, there is a brisk evolution of gas from the 
solidifying surfaces which carries away rapidly the mother liquor 
present in the surface of the crystals. This is in direct contrast to 
crystallization in killed steels, where the mother liquor is trapped be 
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Fig. 4—Cross Section of Rimmed Stee! Billet. Electrolytic Etch. Actual Size. ; gat 

tween the growing crystals and the skin of the ingot varies but J@ =F 

slightly in composition from the ladle test. In a rimmed steel this 3 Pe 
removal of enriched mother liquor continues until free crystallization 4 

takes place. At this time the steel has become viscous due to the 4 gat 

drop in temperature and the gas bubbles cannot escape so easily. 4 oe 

This causes a zone of blowholes in rimming steel, at which point there ; liz 

is an increase in metalloid content of the steel. This increase con- 4 ” 

tinues until the center of the ingot is reached, where maximum segre- th 

gation is found. Fig. 4 shows an electrolytic etch of a cross section 4, 4é 

of a rimmed steel billet. The line of blowholes at the change of 3 “ 
crystallization is plainly seen. q 

Considerable nonmetallic matter in rimmed steel is brought to the ‘ - 


surface of the steel by the brisk convection currents at the crystal sur- 
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faces, and a scum high in manganese oxide and iron oxide is always 
found on the top of a rimmed ingot. If the rimming action 1s 
accentuated by mechanical agitation, the amount of MnO and FeO 
eliminated from the ingot is increased a great deal. It sometimes hap 
nens that, due to a sluggish rimming action or to an excessive amount 
of nonmetallic matter in the steel, a considerable amount of this non 
metallic matter is trapped in the blowhole zone which is formed 
when free crystallization sets in. When this occurs, the steel is apt to 
be of poor quality because there will be a large number of individual 
particles which coalesce into one large particle in the blowhole and 
vive rise to long stringers of silicate material or of MnO-FeO com 
plexes. Furthermore, gas bubbles, which cannot be completely re- 
moved on account of the high viscosity of the steel, are apt to result 
in segregated streaks in the rolled steel. Hultgren | 11) has 
postulated a gas bubble rising through a liquid containing suspended 
crystals which are pushed aside by the passage of the bubble and 
adhere to one another so that only the mother liquor flows back into 
the path taken by the gas bubble. This would account for streaks of 
carbon segregation in this grade of steel but not for streaks of ferrite 
banding. 

The extremely high sulphur segregation occurring at the same 
point as carbon and phosphorus segregation, and the fact that sulphur 
does not appear to segregate at the blowhole zone, are other indica- 
tions that sulphides are soluble in liquid steel. Little experimental 
work has been done on segregation of FeO in rimmed steels, but the 
work done indicates a high concentration of FeO in the center of the 
ingot at the same point where carbon, phosphorus, and sulphur segre- 
vation are observed. Grossmann (14) gives the oxygen content of 
a rimming steel as follows: rim —0.019 per cent of oxygen (0.085 
per cent FeO) ; core—0.067 per cent of oxygen (0.30 per cent FeO). 

From the preceding discussion on killed and rimmed steel segre- 
vation, it may be inferred that, although the segregation of oxides 
and sulphides may be modified somewhat by the method of crystal- 
lization and the type of the ingot, there are only two possible ways to 
prevent such segregation: (1) to cast the steel into such small ingots 


that the entire mass solidifies almost instantaneously; and (2) to 


produce a steel essentially free from suspended nonmetallic particles 
and extraordinarily low in sulphur. 

The difficulty of preventing segregation in small ingots has been 
demonstrated (15). (16) in steels made dirty mtentionally by the 
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addition of silicon and cast immediately into 3-inch molds. <A high 


segregation of silica occurred in spite of the rapid cooling of the 
small ingot. 


IeFFECTS OF INCLUSIONS IN STEEL 


lt is an old axiom that the more we learn the less we know. A 
superficial survey of inclusions in steel generally ends in the conclu- 
sion that there are present in the steel a considerable number of 
particles which are of a different composition from the iron-carbon 
alloy itself and which must affect the physical*properties in various 
degrees. The more deeply the inclusion problem is studied, however, 
the more convincing becomes the thought that this is a most complex 
problem. It involves steels in a multitude of conditions due to the 
unusually large number of combinations of chemical composition 
which are given a wide variety of heat treatments. Therefore, the 
physical properties of the base metal vary widely depending on the 
service for which the material is to be used. Add to these almost 
innumerable conditions two other variables—the size of the non- 
metallic particle and the distribution of these particles in steel, and we 
have a subject which is extremely involved. 

A difficulty which presents itself immediately in looking at this 
problem is that we have little knowledge of the properties of the base 
metal. It is almost impossible to find any reliable data on pure alloys 
of iron, carbon, and manganese, for example. The data on com- 
mercial plain carbon steels are, of course, voluminous, but these data 
include many variables in addition to the predominant components 
iron, carbon, and manganese. Therefore we have little indication as 
to the possibilities of varying the physical properties by purifying 
the metal on a commercial scale. Furthermore, there are few data on 
steels in which nonmetallic inclusions are present in the maximum 
amounts possible. Consequently, we have little knowledge as to the 
limits within which commercial steel is made, and it would appear 
at the outset that one of the most important contributions which could 
be made to steel manufacturers and consumers is to determine 
whether steels are capable of being improved considerably in phys- 
ical properties or of simply being made more uniform. 

In order to make a comprehensive statement regarding inclusions 
in steel, it is necessary to go into detail on each and every product 
and every steel which goes into such a product. This obviously re- 
quires a tremendous amount of experimental and investigational 
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work. It would seem logical to begin with a study of the fundamental 
properties of steels, and with this firm foundation to carry our studies 
into and beyond present day steel-making methods. This paper will 
not attempt a survey of such an investigation, but will present some 
evidence regarding inclusions as far as our present experimental 


methods and results warrant. 





3 Inclusions Visible at 250 Diameters Magnification 
Steels Used for Deep Drawing Operations 


The steels used for deep drawing operations are usually made 
from a rimmed steel ingot. As has been shown previously, most of 
the nonmetallic matter in this grade cf steel is solid solution material, 
but, as indicated previously, there are cases where large inclusions 
are present. <A typical failure in a deep drawing material is the 
rupture of the steel at some stage of the drawing operation. Figs. 5 
and 6 show the cross section of a sheet which failed on such an opera- 
tion. Examination of the sheet showed a major cavity which ex 
tended inte the narrow crack longitudinally in the piece. The large 
cavity contained a gray inclusion, and by actual measurement this 
cavity was found to correspond to the position of the secondary blow 
holes in a rimmed ingot. The first evidence was, therefore, that in 
some manner nonmetallic matter had segregated in these blowholes, 
had elongated on the hot and cold working of the steel, and on deep 
drawing the steel had failed at this point and the rupture had pro- 


™® ceeded along the line of the blowhole zone. A narrow strip was cut 


from each of two such pieces along the direction of the failure, and 
corresponding strips in adjacent sound steel. Each strip was analyzed 
by the electrolytic method, with results as follows: 


Per cent 
Sample Strip SiO. MnO + MnS 
A Ruptured 0.016 0.043 
A Sound 0.006 0.044 
B Ruptured 0.017 0.050 
B Sound 0.007 0.042 


Here is abundant evidence that the failure was due to a large streak 
of silicate material which had been trapped in the blowholes. From 
the same ingots, strips were deep drawn successfully, even though 
they contained some short fine stringers. It was evident, therefore, 
that in this type of operation there was a critical size of nonmetallic 
particle above which failure would result, and below which the steel 
would draw well. 




















































Showing a Different Section 
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Fig. 5—-Internal Tear on Deep Drawing. 
x 100. 
Fig. 6—Internal Tear on Deep Drawing 
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{ tions substantiated the observation that numerous small inclusions 
4 had little effect on the inner surface, but that large inclusions had a 
i ia sia ; ; yh , 

pronounced effect. The decrease in size of inclusions may be ob- 
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Another type of defect in deep drawing material is the apparent 
recrystallization of the metal on severe cold working. Such a defect 
is probably connected with the normal action of the iron-carbon- 
manganese alloy under these conditions. It is possible, however, that 
this condition of recrystallization might be accentuated by solid solu 
tion material. 

Piercing Operations 
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In certain seamless tube piercing operations it is generally true 
that steel which is extremely dirty at the center of the ingot fails at 


Bi ite PecsTeon 


the point of concentration of impurities. Fig. 7 shows the ruptured 
section of the inside wall of a seamless tube. Fig. 8 is an enlarged 
section of A, Fig. 7, and shows the typical dark-gray silicate inclu- 
sion. In Fig. 7 the rupture can be seen extending from the open tear 
directly to the inclusion marked A. On other tubes from this heat, 
welts were observed on the inside surface of the tube wherever a 
large nonmetallic inclusion was found just below the surface of the 
steel. Metallographic examination indicated that the inclusion was 
high in silica. On heats which contained small silicate inclusions, no 
tendency for the steel to rupture was noted. Furthermore, large in- 
clusions which were located more deeply in the steel had no effect on 
the inner surface. This is evidence that a limiting size of particle 
exists for this particular type of work. The action in this case was a 
‘ violent torsional stress on the inner wall of the tube. 

In another sample of seamless tube where large inclusions were 
plentiful at the center of the billet, the steel analyzed 0.071 per cent 
of SiO, and 0.058 per cent of MnO + MnS. Here again the silica 
was predominant, and a large percentage of this heat was rejected for 
badly torn inner walls of the tubes. In both the latter examples, the 
presence of an extra 0.10 to 0.20 per cent of manganese in the steel] 
might have resulted in the formation of sufficient MnO to allow these 
high silica particles to be fluxed out before the steel was poured into 

i the ingot molds. 
A further examination of tube steel made under different condi- 
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tained either by producing deoxidation in such a way that the inclu- 
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sions originally formed are large enough to escape from the metal 






before solidification, or by adding sufficient aluminum to deoxidize 
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manganese silicate inclusions already present so that the steel contains 
only small inclusions composed largely of silica and alumina. 


Seams 


External seams.—External seams in killed steel are the result 
either of minute blowholes in the skin of the ingot, or of cracking of 
the steel in rolling. Surface blowholes in killed steel may be largely 
avoided by increasing the amount of deoxidizer However, more 
deoxidizer results in a denser steel, and therefore for a given rolling 
temperature it cracks more in rolling and produces a greater number 
of seams. Seams resulting trom cracking of the steel because of 
increased density may be largely eliminated by increasing the rolling 
temperature, making the steel more plastic. This is a point which 
should be kept in mind in rolling various grades of steel—namely, 
steels of different densities should be rolled at different temperatures 
if the same results, as far as surface is concerned, are to be expected. 

In rimming steel, external seams are generally due to the surface 
blowholes which are always present in this grade of steel. The 
operator who makes the best quality of rimming steel controls his 
open-hearth furnace so that the surface blowholes are pushed well 
into the steel on solidification, and that there is a heavy skin of metal 
between the actual surface of the steel and the outside line of blow- 
holes. It is at this point that the skill of the open-hearth melter is 
evidenced in rimming steel practice. If the blowholes are too near 
the surface they are exposed when the ingot is scaled in the soaking 
pit, and external seams are inevitable. 

Internal seams.—A great deal of stress has been placed on in- 
ternal seams during the past few years due to the physical specifica- 
tions set with respect to bend testing, upset testing, and the severe 
conditions imposed because of the increased speed of machinery in 
the cases of bearing surfaces. It appears that in many cases large 
internal seams will certainly cause difficulty under severe service 
conditions. Here again there is unquestionably a point at which size 
of seam is critical, but this critical seam size has never been defined 
by published experimental work. From the standpoint of the con- 
sumer and the manufacturer it would seem highly desirable to design 
a test to cover this point. 

Internal seams are of two types—sulphide seams, or oxide 
seams. Sulphide seams are usually associated with ghost lines, but 























































Fig. 9—Seam Inspection, Step-down Tests. Drawing Depicting the 
Relation of Internal Seams to Method of Deoxidation. Lines in each 
rectangle represent actual number and length of average number of 
seams in all step-down tests from heats made according to practices noted 
in text. The heavy line in center of each rectangle is average of longest 
seam in each step-down test. 


oxide seams may be present in steels entirely free from this latter de- 
fect. Internal seams are due solely to the method of steel making. 
An excellent example of the way in which steel-making practice 
governs the number of seams in step-down tests is shown in Fig. 9. 
This represents three practices of making steel, each rectangle rep- 
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resenting the area of the step-down test, some 400 square inches of 
steel, and the lines in each rectangle the actual number and length of 
the average number of seams in all step-down tests from the heats 
made. 
the longest seam in each step-down test. 


The heavy line in the center of the rectangle is the average of 
A of Fig. 9 represents heats 
made by deoxidizing with 2500 to 3000 pounds of silico-spiegel, fol- 
lowed by a furnace addition of ferromanganese and an addition of 
ferrosilicon in the ladle. B of Fig. 9 represents the same grade of 
steel, the amount of silico-spiegel being increased to 3500 pounds. 
These heats are the same as shown in Fig. 1, in which the elimination 
of FeO in the furnace is shown to have increased greatly with an in 
creased amount of deoxidizer. The additional FeO eliminated from 
the steel by the addition of the extra silico-spiegel resulted in a 
inarked decrease in the number and length of internal seams. C of 
Fig. 9 represents the step-down test from heats in which a smaller 
amount of ferrosilicon was added in the ladle than to the heats of 
\. On these heats ghost lines were plainly visible, and the number 
of seams reported increased tremendously. The increase in seams 
here is due not only to silicates, but also to sulphides, the sulphides 
segregating to a much greater extent on this steel than on the steels 
represented in A and B. 

Fig. 10 shows an electrolytic etch of a section of a steel contain- 
ing 0.40 per cent carbon, 0.50 per cent manganese, 0.08 per cent 
The 
electrolytic etch shows that in many of the ghost lines there were no 


silicon. This heat contained numerous ghost lines and seams. 


signs of seams. A few seams occurred exactly in the center of the 
ghost line, but in most cases seams were apparent where there were 
no ghost lines. In this type of steel the silicates tend to segregate 
with the sulphur to some extent. Ina more fully killed steel the sul 
phur and silicate segregation does not occur at the same point. Figs. 
11 and 12 are photographs taken on a silicate seam. Fig. 11 is un- 
Figs. 13 and 14 show an 
Fig. 13 


a] 


etched; Fig. 12 is etched with picric acid. 
internal seam in a heat treated with aluminum-silicon alloy. 
is unetched ; Fig. 14 is etched in picric acid. Alumina streaks resulted 
in a tearing of the metal at one point, but there was no evidence of 
banding or ferrite segregation around these inclusions. Figs. 15 and 
16 are taken on a ghost line in which a seam was reported. Fig. 15 
is unetched; Fig. 16 is etched with picric acid. There is no evidence 
of silicate inclusions in this seam, but there was a marked segregation 


of sulphides with a corresponding segregation of ferrite. Fig. 17 
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Fig. 10—-Ghost Lines in 0.40 per cent Carbon Shaft. Electrolytic Etch. Actual Size. 


shows another sulphide seam in which the sulphides were much 
smaller than in Figs. 15 and 16. In this case there is again a marked 
segregation of ferrite around the sulphide particles. 

These data, and others which are too numerous to mention, in- 
dicate that internal seams are due to improper deoxidation of the 
steel. Even though it be admitted that sulphides cause seams, the 
fact remains that with proper deoxidation these sulphides may be 
scattered so as to prevent their grouping in such a way as to form a 
seam. In this type of defect the inclusion causing the difficulty is 
again a large inclusion, or a grouping of small inclusions. 


Impact and Tensile Tests 


Data obtained on tensile and impact testing in an investigation 
now in progress indicate that the physical properties of normally 
dirty steels do not vary to any marked degree with the total amount 
of inclusions present. The size of the inclusion appears to be of 
much more importance than the total amount of inclusions. For ex- 
ample, consider three steels of the following analysis: 0.17 per cent 
carbon, 0.65 per cent manganese. Steel No. 1 was made in a com- 
mercial open-hearth furnace at a plant producing quality steel. Steels 
No. 2 and 3 were made in the electric furnace laboratory of the 
Bureau of Mines. The deoxidizing treatment on these two steels was 
as follows: The heat was melted at about 1 per cent of carbon and 
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ored down to 0.15 per cent carbon. At this time the sl: ig anlaysis was 
quite similar to that of a large open-hearth furnace m; iking this grade 
of steel. Twenty-pound ladles of the metal were withdrawn, the 
deoxidizers were added in the ladle, and the met: il was immediate ly 
poured into 3-inch ingots. These 3-inch ingots were forged to 114- 
inch square bars. Steel No. 2 was deoxidized in the ladle with tn 
silicon and ferromanganese. Steel No. 3 was deoxidized with 
aluminum and ferromanganese, the silicon addition and the aluminum 
addition being made to give the same percentage of these two ele- 
ments in each ingot. Impact tests of the normalized steel showed 
that the commercial steel A had an impact value of 81 foot-pounds 
(Izod square-notched bar). Steel B gave an impact value of 65 
foot-pounds and steel C, 82 lactenetads Steel A was a commer- 
cially clean steel. Steel B contained 0.17 per cent of SiO,, and steel 
C, 0.200 per cent of Al,O,, both these { figures indicating extremely 
dirty steel. In steel B the inclusions were large silicate stringers, and 

1 steel C were fine clouds of alumina particles. It is quite evident 
in this case that the predominating factor in impact strength was the 
size of the nonmetallic particle. Apparently the fine particles of 
alumina had no effect on the impact stre ngth, whereas the large 
silica particles decreased the impact strength considerably. Un- 
fortunately, at this time other physical properties have not been de- 
termined on these steels. In general, however, both on tensile and 
impact strength after normalizing, the total amount of nonmetallic 
matter does not appear to have much effect, but the size and distribu- 
tion appear to be factors of some importance. 

An important exception should be noted at this point. In an 
investigation in progress on an acid open-hearth alloy steel, a decided 
rise in tensile and impact strength was noted when the open-hearth 
practice was changed and a marked increase in cleanliness of the 
steel accompanied this change. A comparison of the physical prop- 
erties and cleanliness of these steels is given below : 


Per cent 

Ultimate Elastic Elonga Izod im SiOe in 

Open strength, limit, tion in Reductior pact value steel 
hearth Ibs. per Ibs. per 2 inches, of area, ft.-Ibs. (electrolyti 
practice sq. inch sq. inch per cent per cent per sq. in. method) 

A 121,500 110,900 14.4 24.1 18.0 0.026 

B 127,006 114,500 16.3 30.9 28.0 0.019 


These results, with those given for dirtier steels, would indicate that 
up to a certain point in cleanliness inclusion size is important, whereas 
beyond that point the total amount of inclusions becomes a factor. 
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Silicate Seam in 0.40 per cent Carbon Steel. Unetched 


Same Section ; Fig Etched with Picric Acid 
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Fig. 13—Rupture and Seam in Aluminum Silicate Streak in 0.40 
per cent Carbon Stcel. Unetched. X 100. 
Fig. 14—Same Section as Fig. 13 Etched with Picric Acid 
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. Fig. 15 Concentration of Sulphides in Seam in 0.40 per cent 
Carbon Steel. Unetched. x 100. 
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In this investigation a large number of commercial steels and 
* laboratory steels which intentionally were made dirty are being in- 
vestigated, and it is hoped that the results may be of help in evaluat- 
ing the effect of inclusions in steel. Here again determination of the 
‘ physical properties of steels containing neither sulphides nor oxides 
© is important because at present there is no base line on which to judge 
the performance of a given steel. 


Fatigue Strength 


It has been the general impression of investigators in this field 
that inclusions do not necessarily lower the fatigue limit of a given 
steel, but that a dirty steel will give variable results and a clean steel 
uniform results on fatigue testing. The small amount of work which 
has been done in our organization on this phase is in thorough agree- 
™ ment with these conclusions. 


Corrosion Resistance 


There has been some speculation as to the effect of inclusions 
on the corrosion resistance of commercial steels. A series of com- 
mercial steels were tested under the same conditions of submersion 
as laboratory steels in which the maximum amount of oxides as solid 

| solution material and oxides visible under the microscope were 
4 formed (17). All these steels showed almost identical corrosion re- 
sistance under the same condition of testing. There is, of course, a 
great deal of question as to the reliability of laboratory corrosion 
tests, but in any event steels ranging from clean to extraordinarily 
dirty showed the same corrosion resistance in this type of test, and it 
may therefore be safely concluded that nonmetallic matter in steel has 
no effect on corrosion resistance of the material under the test con- 
ditions. 


Sub-Microscopic and Solid Solution Materials 


In dealing with sub-microscopic and solid solution materials, we 
are immediately faced with the difficulty of differentiating between 
the two classes. The available methods of differentiating have been 
discussed earlier in this paper. Experimental work (3), (18) has 
shown that FeO is soluble in liquid and solid steel. It is well known 
that sulphur is quite soluble in liquid steel and less soluble in solid 
steel. Although we have no direct experimental evidence on the 
solubility of MnO or SiO,, we know that these two materials must 
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be present in solution in liquid steel to a limited extent. The fact 
that the reactions 


Mn + FeO = MnO + Fe (1) 


and Si + 2FeO 2 SiO, + 2Fe (2) 


are both reversible, that in the basic open-hearth the amount of 
residual manganese may be calculated from a consideration of the 
equilibrium of reaction (1), and in the acid open-hearth that the 
residual silicon may vary according to concentration and temperature 
changes in the system, prove that these two oxides must be soluble to 
some extent in liquid steel and therefore to a more limited extent in 
solid steel. When steel solidifies, a great deal of the soluble material 
is thrown out of solution, but some portion remains in solid solution. 


The Structure of Steel 


The effect of material present in solid solution appears to be 
most pronounced in the structures obtained in iron alloys after va- 
rious heat treatments, and probably involves not only a change in 
the iron-carbon diagram, but also a change in the rate at which trans- 
formations occur, and in the diffusion of carbon through the metal. 
The immense amount of experimental work on abnormal steel has 
focused attention on this phase of the inclusion problem during the 
past few years. Grossmann (14), whose Campbell lecture of a year 
ago will be long remembered and much discussed, brought out clearly 
the effect of dissolved oxygen on carburized structures, attributing 
abnormality or normality to a tremendous change in the diffusion rate 
of carbon through steel below the critical point. This change in dif- 
fusion was thought to be due to the presence of dissolved oxygen. 
The presence of manganese in amounts above 0.30 per cent appa- 
rently prevented the absorption of oxygen during carburizing and 
thus slowed down the rate of carbon diffusion, a normal structure 
resulting. Just why manganese should prevent the absorption of 
oxygen whereas silicon and aluminum do not is not at all clear, and 
this anomaly would seem to necessitate other experiments in this 
field. 

Grossmann reported oxygen contents as high as 0.085 per cent 
in 0.15 per cent carbon, 0.23 per cent manganese, 0.11 per cent silicon 
steel. It is extremely difficult to visualize this much oxygen in solid 
solution, particularly in the presense of 0.15 per cent of carbon. In 
the open-hearth furnace under the most severe oxidizing conditions, 
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Fig. 17—Sulphide Seam in 0.40 per cent Carbon Steel Etched with 
Picric Acid.  X 100. 


Fig. 18—Carburized Structure of Electrolytic Iron Vacuum- melted 
ind Vacuum-distilled. 500 
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it is difficult to get this much oxygen to go into solution in liquid 
steel, and Tritton and Hanson (18) have indicated that the solid 
solubility of oxygen in pure iron is about 0.05 per cent in the absence 
of any carbon. It is possible that in Grossmann’s experiments some 
of the absorbed oxygen might have been present in some form other 
than that of solid solution. 

A point of interest here is the carburized structure of a vacuum- 
melted and vacuum-distilled iron (19) shown in Fig. 18. This struc- 
ture is quite different from either a typical normal or abnormal steel. 
The oxygen content of this steel was 0.006 per cent, determination 
by hydrogen reduction. Vacuum-melted iron-manganese alloys 
showed a gradual change from this type of structure to a normal 
structure, the most pronounced change being at about 0.20 per cent 
of manganese. Iron saturated with iron oxide in the liquid steel 
showed a completely abnormal structure after carburization. Why 
did the vacuum-distilled iron not show a pronounced abnormal struc- 
ture? It appears that Grossmann’s explanation does not cover this 
type of metal or that there are variations in diffusion rates and 
crystallization characteristics not yet determined. In any event, 
Grossmann’s data, with that presented above, show that oxygen in 
solid solution is the cause of abnormality whether the oxygen is 
present in the steel before carburization or is dissolved during 
carburization, and his data on decarburization and structural changes 
form a basis for the explanation of many problems of the steel 
treater. 

Ghost Lines 


The appearance of ghost lines in steel has been attributed by 
numerous writers primarily to the crystallization of the ingot. It is 
unquestionably true that in large ingots “corner ghosts” are very 
difficult to eliminate. Ghost lines due to segregation of metalloids 
may be eliminated only by extremes in deoxidation and methods of 
casting ingots as yet impractical to the steel manufacturer. Ghost 
lines due to the segregation of nonmetallic matter are, as shown in 
an earlier section, due to the segregation of sulphides and not sili- 
cates. As has been discussed earlier in this paper, it is impossible 
to prevent micro segregation of sulphides, although it is possible to 
prevent macro segregation. It is further evident that sulphide segre- 
gation plays a very important role in promoting ghost-line formation. 
To demonstrate that deoxidation has a pronounced effect on 
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ghost lines, I will refer to a series of heats under investigation at the 
present time where various amounts of deoxidizer were added, both 
in the furnace and in the ladle. When 0.07 per cent of silicon, in the 
form of silico-spiegel, was added to the furnace, it was necessary to 
add sufficient ferrosilicon to have the steel finish at least 0.15-silicon 
to prevent the formation of ghost lines. When the amount of silicon 
as silico-spiegel was increased to 0.10 per cent in the furnace, ghost 
lines did not appear until the silicon in the ladle was lowered enough 
to give 0.09 per cent of silicon in the finished product. In both types 
of deoxidation no evidence of ghost lines and little sulphur segregation 
were found if the final silicon was kept above the limits given. When 
the silicon content of the steel dropped to these limits, sulphide segre- 
gation increased and ghost lines appeared. It is possible that oxygen 
as FeO, or MnO in solid solution, would cause ghost lines by chang- 
ing the characteristics of crystallization of the iron-carbon alloy at a 
particularly segregated point in the ingot, but the evidence points 
definitely toward the deoxidation’s preventing segregation of sulphur. 
In any event, ghost-line formation due to sulphide segregation may 
be overcome by proper methods of deoxidizing the steel. The extent 
of ghost lines due to sulphur segregation resulting from incomplete 
deoxidation has been shown in Fig. 10. 

The same reasoning should apply to ghost lines which contain 
high concentrations of phosphorus, inasmuch as proper deoxidation 
will prevent the segregation of this metalloid just as it will of sulphur. 

There appear to be many conflicting unpublished data on the 
effect of ghost lines on the physical properties of steels. During the 
two weeks prior to the writing of this paper, I have been told of 
transverse tests on steel containing ghost lines by the metallurgists 
of two consumers of steel, in whose experimental work the greatest 
confidence may be placed. One had observed that metal which con- 
tained ghost lines was apt to vary considerably in tensile and impact 
testing following a certain heat treatment. The other exhibited data 
which showed that there was absolutely no difference in the metal 
containing ghost lines and that containing no ghosts under the iden- 
tical heat treatments described by the other investigator. 

In an investigation which is in its infancy and from which there- 
fore strict conclusions cannot be drawn, we have found that material 
containing ghosts gives much the same physical properties as that in 
which no ghosts are observed for a given heat treatment and ordinary 
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analysis. With such contradictory evidence on hand, it is obvious 


that no general conclusions may be drawn. 


Physical Properties 


There are practically no data available on the effect of sub- 
microscopic or solid solution oxides on the physical properties of 
steel. The exceptions to this statement are the results of a consider- 
able amount of work which has been done on the physical properties 
of iron saturated with FeO (3). The effect of solid solution FeO 
on the electrical resistivity has been referred to earlier, and the same 
investigation showed that the ductility, impact strength, and elastic 
limit decreased very sharply upon the addition of iron oxide to pure 
iron. The ultimate strength was not changed. The comparison here 
was made on tests of pure iron reported by Neville and Cain (20) 
and Thompson (21). There are absolutely no data available on the 
effect of manganese oxide or silica in solid solution, and from general 
experience there is only one property which very fine alumina 
particles appear to affect—that is, the ductility of cast steel (22). 
Impact tests on commercial quality steel, and silicon and aluminum 
killed electric furnace laboratory steel, have been given earlier and in- 
dicated that the finely divided alumina had no effect on the impact 
value. 

[It would appear from the preceding remarks that oxygen present 
in solid solution is of considerable importance in determining certain 
physical properties of steel; that finely divided inclusions have, with 
one exception, practically no effect; and, finally, that we know very 
little about this subject. Before any worthwhile conclusions may 
be drawn regarding solid solution material such as oxides and sul- 
phides, it will be absolutely necessary to determine physical prop- 
erties on steels containing no such material. Until this is done, the 
effect of small amounts of solid solution material will necessarily be 
masked by the many other variables which are introduced in steel 
making’ 

Alloy Contamination 


As to alloy contamination, there is one set of variables not often 
thought of, and that is the contamination of our plain carbon steels 
In a survey of the alloy contamination of plain 


by residual alloys. y 
carbon open-hearth steel, carried on by the Bureau of Mines. in co- 


operation with the Open-Hearth Committee of the American Institute 









3] 





§ Mit 
s an 

carbon 
of mat 
take p 
is part 


hot wt 


F 
presel 
l 
neces: 
prepa 
deter 
merci 
pears 
Most 
at 10 
certa 
stanc 
S¢ lid 
to be 


steel 


chen 
size, 
catic 
pt in 
thou 
cleat 
least 
for: 
stee 
som 
con: 
mal 


con 


vember 


bvious 


f sub- 
ies ol 
sider 
berties 
1 FeO 
: Same 
elastic 
) pure 
n here 

(20) 
yn the 
eneral 
umina 
(22). 
num 
nd in- 
mpact 


resent 
ertain 
with 
very 
may 
| sul- 
prop- 
2, the 
ly be 
steel 


often 
steels 
plain 
1 co- 
‘tute 


VONMETALLIC INCLUSIONS IN STEEL 3Y 


§ Mining and Metallurgical Engineers, it has been found that there 


s an average combined total of Cu, Cr, Ni, Sn, and Va in plain 
carbon steel amounting to 0.15 per cent. Surely as large an amount 
of material as this must have its effect on some of the changes which 
take place in steel upon heat treatment or hot or cold working. This 
is particularly true of tin, which hardens steel tremendously during 
hot working. 


Conclusion 


Four general conclusions may be drawn with regard to the 
present status and ultimate solution of the inclusion problem. 

1. Before the inclusion problem can be properly evaluated it is 
necessary that a series of alloys, free from sulphur and oxygen, be 
prepared, and that the physical properties of these alloys be accurately 
determined. This would serve as a base line for comparison of com- 
mercial steels and present steel-making methods. 

2. From available data on various physical properties, it ap- 
pears that large inclusions are much more harmful than small ones. 
Most metallurgical departments properly inspect steel for cleanliness 
at 100 diameters magnification. 

3. Oxides and sulphides in solid solution are important when 
certain metallographic structures are to be avoided, or in some in- 
stances obtained. The difficulty of determining the amount of such 
solid solution material present in a steel has been, and will continue 
to be, an obstacle to the progress of this phase of steel treating and 
steel making. 

4. The steel maker supplies the consumer with steel to a given 
chemical analysis, combined, in many instances, with a physical, grain 
size, or cleanliness specification. Oftentimes the filling of one specifi- 
cation will make it very difficult to meet another, and it is on this 
point that the consumer should most certainly put considerable 
thought. A higher manganese specification will promote greater 
cleanliness and a higher silicon specification will give freedom from at 


least one type of ghost line. The consumer is often entirely to blame 


for the kind of steel he gets because his specifications do not allow the 
steel maker to use available materials to the best advantage, and in 
some instances force him to use these materials to his own and the 
consumer’s disadvantage. At some not too distant day the art of steel 
making will be superseded by the science of steel making, but the 
consumer must play his proper role in this change. 
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CORRELATION OF THE CRYSTAL STRUCTURES AND 
HARDNESSES OF NITRIDED CASES 


By Oscar E. HARDER AND GEORGE B. Topp 


Abstract 


Samples of open-hearth ingot iron, S.A.E, 1025 steel, 
a chromium-aluminum nitriding steel, and two chromium- 
aluminum-molybdenum nitriding steels have been nitrided 
72 hours at 975 degrees Fahr. The specimens have been 
subjected to X-ray examination, hardness tests, and micro- 
scopic examination in the original surface and at various 
depths below the surface. 

The ingot iron showed the hexagonal lattice only in 
the original nitrided surface, while all the other samples 
showed both the hexagonal and the face-centered cubic 
lattices in the original surfaces. 

At a depth of 0.003 to 0.004 inch below the surfaces 
all of the samples except the S.A.E. 1025 showed the lat- 
tice of alpha iron only, the sample of S.A.E. 1025 showing 
a weak pattern of the face-centered cubic lattice. At 
depths of 0.003 to 0.004 inch below the surface the hard- 
ness of the nitriding steels was essentially as high as at 
the surface. In two of the samples it was somewhat 
higher. The conclusion is drawn that in the case of the 
nitriding steels the depth of the hexagonal lattice was 
extremely small and that the face-centered cubic lattice 1s 
removed by a cut of 0.003 to 0.004 inch, and that these 
phases are not necessary in nitrided steels to give a high 
degree of hardness. The suggestion 1s made that cases of 
sufficiently high hardness might be obtained without the 
production of any of the hexagonal lattice by modifications 
of the nitriding procedure or by the use of special steels. 


INTRODUCTION 


HERE has been a considerable amount of work done on the 
crystal structures found in nitrided steels, although there is still 


_ _A paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1931. Of the authors who are members of the 
society, Dr. Oscar E. Harder is assistant director, Battelle Memorial Institute, 
tormerly Professor of Metallography, School of Mines and Metallurgy, Uni- 
versity of Minnesota, and George B. Todd is associated with the aluminum re- 
search laboratories, Metallurgical Division, formerly graduate student, 
University of Minnesota. Manuscript received January 21, 1931. 
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a lack of complete agreement. Because of the importance of the 
hardness of nitrided cases, hardness testing has become a well es 
tablished method of examination, both in research and in production 
inspection. As a result, much information is available with refer 
ence to the hardnesses produced in different nitriding treatments and 
the depth-hardness curves for different steels and treatments. How 
ever, there has been very little work published to show the correla 
tion between the hardness and crystal structure of the different steels 
at different depths in the case, etc. This investigation had for its 
objective the correlation of these properties. Some consideration was 


also given to the microstructures. 


CRYSTAL STRUCTURES IN THE [RON-NITROGEN SYSTEM 


rom stoichiometric relation Noyes and Smith (10)! considered 
the possible compounds in the iron-nitrogen to be Fe,N, Fe,N, Fe,N, 
and Fe,N. Epstein (4), using the work of Noyes and Smith as a 
guide in assigning the formulas to the different phases, suggested 
the compounds Fe,N, Fe,N, and Fe.N, and drew a tentative dia- 
gram based on thermal analyses, microstructures, and some X-ray 
work. Previously, diagrams had been prepared by Sawyer (13) and 
by Fry (5). Epstein noted body-centered cubic, face-centered cubic, 
and hexagonal close-packed lattices in nitrided cases of electrolytic 
iron. Hagg (6) has reported four phases in the iron-nitrogen system. 
These phases are listed below with certain important characteristics. 


Nitrogen 
Content Lattice Parameter in A 
Phase Formula Per Cent (1) a b ( Remarks 
Alpha Solution of 
Nitrogen in 
Alpha-Iron 0.015 B. c. c. 
Gamma’ FeyN 5.9 F. ¢. c. 3.789 
Epsilon Fe,N aa H. c. p. 2.695 4.362 — Solid solu 
2.767 17 tion with 
nitroge! 
7.7—11% 
Zeta FeoN 11.14 Orth. 2.767 4.793 4.417 Indefinite 
(3) Be: = body-centered cubic; F. c. c. face-centered cubic; 
HH. ¢. PD. hexagonal close-packed; and Orth. orthorhombic. 
A Angstrom unit 10-5 cm 


Hagg worked with iron powders, which he generally nitrided 
at 500 degrees Cent. (930 degrees Fahr.). His samples were cooled 
rather rapidly by moving the container to a cold end of the porce 


'The references used in the text will be found in the bibliography appended to this pape 
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ain tube, which constituted the nitriding chamber. Some of his 
samples were also prepared by first nitriding to a high nitrogen con 
rent, and then heating in a vacuum, thus removing part of the nitro 
ven, The nitrogen content of the various samples was determined 
yy heating to 1000 degrees Cent. (1830 degrees Fahr.) for five 
minutes in a vacuum, noting the loss due to removal of the nitrogen 

Osawa and Iwaizumi (11) noted the hexagonal close-packed lat 
tice but attributed it to the compound Fe,N with lattice constants 
= 2.743A and the c/a ratio as 1.59. They also noted a face 
centered cubic lattice with a parameter of 3.860A and assigned it to 
the compound Fe,N. These investigators and Hagg consider that 
this compound has a nitrogen atom at the center of each elementary 
cube. 

Mehl and Barrett (9) recovered “nitride plates” from specimens 
of “decarburized mild steel,” which had been nitrided 90 hours at 
540 degrees Cent. (1005 degrees Fahr.), by dissolving out the sur 
rounding material with concentrated picric acid to which a little nitric 
acid had been added. These plates were subjected to X-ray analysis 
and found to give lines in agreement with those assigned to Fe,N 
hy Hagg and to Fe,N by Osawa and Iwaizumi (11). 

Since Mehl and Barrett (9) noted the plates or needles as the 
first phase which appeared in alpha iron, they concluded that this 
phase was the compound of lowest nitrogen content and that it sep 
arated from the solid solution on cooling. They do not seem to have 
considered the possibility of the original formation during nitriding 
of the plates along crystallographic planes of the alpha iron. This 


possibility is rather strengthened by their observation that the plates 


could not be put into solution by reheating 70 hours at the nitriding 
temperature and then quenching from that temperature. Neither do 
they seem to have considered the relative solubilities of the differ 
ent iron-nitrogen phases in the picric-nitric acid reagent. Epstein 
and others have shown that the phases richer in nitrogen are resistant 
to picric-nitric acids. If Mehl and Barrett dissolved the Fe,N phase 
in the reagent used but did not dissolve the Fe,N phase, then their 
results would be in general agreement with those of other investi 
gators. 

If Mehl and Barrett recovered their “plates” from the original 
nitrided surface and then made their microscopic examinations at a 
depth of 0.002 to 0.003 inch below the surface, they may easily have 
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gotten the results reported. For example, Fig. 10 in this paper pre 
sents a similar structure, which was found at a depth of 0.003 inch 
below the surface of nitrided Armco iron, which on the original sur- 
face showed only the hexagonal lattice. At this depth, however, 
only the alpha iron lattice was found. 

Rieber (12) has reported the compound Fe,N,, in which the 
nitrogen content is 9.73 per cent. However, if the compound Fe,N 
has the range of solubility for nitrogen reported by Hagg, it would 
be possible to have an alloy containing 9.73 per cent and still have a 
solid solution. (Hagg’s epsilon phase. ) 

The dissociation pressure of iron nitrides has been the subject 
of a number of researches. Noyes and Smith, previously mentioned, 
reported values 20,000 to 500,000 atmospheres. Emmet, Hendricks, 
and Brunauer (3) have recently determined the dissociation pressure 
for Fe,N at 444 degrees Cent. (825 degrees Fahr.) as 5000 atmos- 
pheres. A dissociation pressure of 50,000 atmospheres has been re- 
ported for Fe,N. These observations are in agreement with the dif- 
ficulties found in trying to form nitrides from molecular nitrogen and 
iron. It thus seems that all the iron nitrides are metastable and 
should decompose, even at ordinary temperatures. 

Hagg found that the nitrides richest in nitrogen began to dis- 
sociate at about 500 degrees Cent. (930 degrees Fahr.) and that at 
600 degrees Cent. (1110 degrees Fahr.) the pressure was greater 
than 200 atmospheres. Maxted (8), using nitrided finely divided 
iron, also found the dissociation pressure at 600 degrees Cent. (1110 
degrees Fahr.) to be greater than 200 atmospheres. 

Charpy and Bonnerot (1) found that Fe,N was not dissociated 
before reaching 600 degrees Cent. (1110 degrees Fahr.). Above 
that temperature a nitrogen pressure of 18 atmospheres reduced the 
rate of dissociation but did not completely prevent it. 

The above data indicate that the higher the nitrogen content of 
the compound the greater the dissociation pressure. These relations 
have an important bearing on the use of nitrided products at elevated 
temperatures. Actual tests have shown that nitrided parts and test 
specimens will retain practically full hardness after heating as long as 
200 hours at 450 degrees Cent. (840 degrees Fahr.), and reports are 
available which show only slight losses in hardness after heating as 
high as 650 to 700 degrees Cent. (1200 to 1300 degrees Fahr.). This 
probably means that the higher nitrides were not present in the cases. 
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PURPOSE OF PRESENT INVESTIGATION 





The present investigation had for its purpose a correlation ot 
the crystal structures as determined by the X-ray diffraction method, 
the hardness as determined by the Vickers indenter, and the micro- 
structures of the original surfaces produced on nitrided materials 
and of those cases at different depths from the surface. 

Naturally, the tests as outlined above throw some light on the 
phases present in the nitrided cases of the different kinds of steel in 
vestigated and the changes in the phases present at different depths 
in the case. 

Materials. Materials used in this investigation included an open- 
hearth iron, a medium carbon steel, and three commercial nitriding 
steels, No. 3 of which was one of the early nitriding steels, while Nos. 
4 and 5 are later developments. 

The open-hearth ingot iron and S.A.E. 1025 steel were used 
in the “‘as-rolled’”’ condition. The nitriding steels Nos. 4 and 5 were 
used in the “as received” condition, which in this case represented 
material which had been quenched and tempered by the manufacturer. 
Sample No. 3 was heated to 857 degrees Cent. (1575 degrees Fahr.), 
quenched in water, and then tempered at 600 degrees Cent. (1110 
degrees Fahr.) for 11% hours. The compositions of these various 
steels are given in Table I. 


Table I 
Materials Used in Investigation 
Sample Chemical Composition 
Number GS Mn Si Pp S Al C1 Mo 
_ 0.013 0.017 ee 0.005 0.025 
2 0.27 0.50 Sees 0.014 0.038 eae a 
Ks 0.44 0.50 0.34 0.014 0.020 0.84 1.61 aloes 
4* 0.36 0.51 0.27 0.013 0.010 1.23 1.49 0.18 
_ 0.23 0.51 0.20 0.011 0.011 1.24 1.58 0.20 


*Manufacturer’s typical analysis. 





The specimens used in this investigation were {4 x 4g x \%-inch. 
Specimens were first shaped on a surface grinder and then polished 
on 000 emery paper on two adjacent sides before nitriding. This 
specimen was used for X-ray and microscopic examination, as well 
as for the hardness tests. 

Apparatus. The nitriding equipment was the same as that pre- 
viously described by Harder, Gow, and Willey (7). The X-ray 
diffraction apparatus was the type VWC, form B, devised by Hull, 
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3 


and made by the General Electric Co. Special equipment had to be s i 
‘ : ine 


introduced, in order to make use of the surfaces of these small ni- a 10 
‘& { 


trided specimens. 
ne bs roar i j whi 
[he blocks were held in a wooden jig, which is shown as “B ‘ 
in Figs. 1 and 2. This arrangement made it possible to use the pol- a 
ished surface of the nitrided specimen for X-ray examination. : 
The hardness tests were made by the Vickers method, using a 
load of 10 kilograms, which was applied for thirty seconds. x 
Nitriding Treatment. The specimens were all nitrided at the : 
same time at a temperature of 523 degrees Cent. (975 degrees Fahr. ). 4 
The nitriding time was 72 hours, and the average decomposition of 
the ammonia was approximately 20 per cent. The specimens were 
slowly cooled in the furnace in a stream of ammonia to about 90 de- 
grees Cent. They were then polished with emery and rouge, care be- “2 


tas 


ing taken so that not more than 0.0002 to 0.0003 inch was removed in 

polishing. They were then in turn subjected to X-ray examination, 
; , ter ‘ ‘ 5 cs cu 

microscopic examination, and finally to hardness testing. 

cc 


X-Ray EXAMINATION 


The specimens were etched in a special etching reagent of ten 
parts of 4 per cent picric acid in ethyl alcohol and one part of 4 per 
cent nitric acid, also in ethyl alcohol. The etched blocks were then 
adjusted in the cassette shown in Figs. 1 and 2. The grazing angle of 
the X-ray beam was approximately 5 degrees. For comparison pur- | 
poses, one side of the cassette was filled with a 50-50 mixture of a 
sodium chloride and starch. The X-ray exposures were made at . 
15-20 milliamperes filament current, and the time varied from 48-66 
hours. 

The X-ray films were read in a holder in the manner described 
by Davey (2). The films showing the alpha iron lattices were placed 
with the (2 1 1) plane at 1.167A, which is the calculated value for a 
unit parameter of 2.86A. The films showing the Fe,N (face-centered 
cubic) lattice were adjusted with the line for the 2 0 O plane at 
1.900, which is the calculated value for the lattice using a parameter 
of 3.80 A, which is in good agreement with Hagg’s value for this line. 
Fortunately, these two patterns appeared in all films except two, those 
of the original nitrided surfaces of the Armco and the S.A.E. 1025 
blocks. Because of the good agreement between the spacings of the 
film for the 1025 steel and Hagg’s Fe,N values, setting the fourth 
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line (10.2) on 1.624 A, seemed justified. In the Armco film the 
(10.2) line was very weak, and the (11.0) line was set on 1.376 A, 
which was the value found for this line in the 1025 steel. The cal- 
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of zero Beam 
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Baffle ~ 


Path 
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Cassette Wall D 


Figs. 1 and 2—-Arrangement of Specimens for X-Ray Examination 





culations of the unit parameters for the face-centered and body 
centered lattices were by the usual methods. 
Calculations for the hexagonal lattices are based on the two 
equivalent equations : 
A* aT 


(1) sin” 0 = a (h° T hk + k* + - ) 
Ja 4c” 






and (2) sin? 9 = —— (h? + hk + k*?) + —— 
3a° 


4c? 





in which © is the angle of reflection; A the X-ray wave length; h, k, 
and | are indices of the planes of reflection; a is the unit side of the 
hexagon, and c the altitude. 

By beginning with close approximation for the c/a ratio, it 1s 
possible to calculate the average value of a and then the c value. In 
this work the c/a ratio was known to be about 1.6. From the average 
values for a and c the true c/a ratio was finally calculated. 

Theoretical Values of Lattices. The theoretical values for the 
interplanar distances for the various planes were calculated using the 
unit parameters 2.860 and 3.80 A for alpha iron and Fe,N, and the 
results are shown in Table II. The values for the hexagonal close- 
packed phase (Fe,N) in the same table are Mehl and Barrett’s con- 
version of Hagg’s data. 

Examination of Nitrided Samples. All sampies were examined 
at the orginal surface and at four depths below the surface; the last 
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section examined was near the core. Table III shows the amount 
of case removed in the various cuts and the hardness of the cases 
at these different depths. The hardness values are represented graph- 
ically in Fig. 3. It will be observed that some 0.003 to 0.004 inch of 


Table II 
Theoretical Interplanar Spacings of Alpha Iron, Fe,N and Fe,N 


Alpha iron phase Fe,N phase Fe,;N phase * 
. £. €. ie Se: ss Sa ©. 

a=—2.860 A a=3.80 A a==4.7607: 054.417 & 

Indices Spacings Indices Spacings Indices Spacings 
110 2.022 111 2.194 10.0 2.399 
200 1.430 200 1.900 00.2 2.210 
211 1.167 220 1.344 10.1 2.107 
220 1.011 311 1.146 10.2 1.624 
310 0.904 222 1.097 11.0 1.403 
222 0.826 400 0.950 10.3 1.256 
321 0.764 331 0.872 20.0 1.199 
+00 0.715 420 0.850 11.2 1.173 
411 0.674 422 0.776 20.1 1.357 
420 0.640 511 0.731 00.4 1.104 
332 0.610 440 0.672 20.2 1.054 
422 0.584 531 0.642 10.4 1.003 
431 0.561 600 0.633 20.3 0.929 
521 0.522 ae Swaa 12.1 0.888 
11.4 0.863 


*Values found by Hagg for a sample containing 11.1 per cent nitrogen, which he con 


cluded represented about the maximum solubility of nitrogen in FesN. Ratie c/a = 1.596. 


case was removed in each cut. Samples 3 and 4 showed a slight in- 
crease in hardness after the removal of the first cut. 

The Original Nitrided Surface. The data from the X-ray exam- 
ination of the original nitrided surfaces are given in Table IV, and 
the patterns are shown in Fig. 4. The values for interplanar spac- 
ings and unit parameters in Table IV are all in Angstrom units. 

The Armco iron, sample No. 1, showed only the hexagonal close- 
packed pattern. All other samples showed both the hexagonal and 
the face-centered cubic lattices. The unit parameters of the Armco 
iron lattice show expansion; in fact both a and ¢ are greater than the 
maximum values reported by Hagg (See Table II). This expan- 
sion may be interpreted to mean a high nitrogen content. The c/a 
ratio, however, is higher than Hagg reported and does not agree with 
Hagg’s findings that as the a and c parameters increase the c/a ratio 
decreases. 

The S.A.E. 1025 steel, sample No. 2, gave both the hexagonal 
and the face-centered cubic patterns, but the latter was somewhat in- 
definite. Both the a and c parameters are expanded. 


Samples Nos. 3, 4, and 5 showed both patterns, and the lines 
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Table Ill 
Relation of Depth of Cut and Vickers-Brinell Hardness Numbers 
Sample Depth of Cut in Inches 
Number Ist Cut 2nd Cut 3rd Cut 4th Cut 
1 0.0031 0.0077 0.0108 0.0177 
2 0.0026 0.0064 0.0111 0.0169 
0.0036 0.0085 0.0124 0.0176 
4 0.0036 0.0080 0.0123 0.0183 
5 0.0041 0.0083 0.0123 0.0185 
Sample Vickers-Brinell Hardness 
Number Unnitrided Surface Ist Cut 2nd Cut 3rd Cut 4th Cut 
i 128 155 131 127 131 130 
2 130 211 200 173 72 176 
3 280 999 1026 853 661 401 
4 194 955 967 795 528 356 
5 181 911 901 833 673 371 


These data are shown graphically in Fig. 3. 


were about equally strong. It should be noted that the line for the 
200 plane in the face-centered cubic lattice is the distinctive line 
and appears in all of these alloy steel patterns. These results seem to 
indicate that the surface layers of these alloy nitriding steels contain 


RELATION OF HARONESS TO DEPTH _ 
OF GASE OF NITRIDED SPECIMENS 
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Fig. 3—Relation of Hardness to Depth of Case of Nitrided Specimens. 


two phases which are probably those designated by Hagg as gamma’ 
and epsilon. 

Since the hexagonal lattice found in nitrided cases exhibits 
variable parameters, it is of interest to compare the values found by 
the different investigators. In Table V which follows the values for 
samples Nos. 1-5 are those found in the present research, and the 
other values are those found by others, as indicated. 
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Novemb« 
MICROSTRUCTURES OF SPECIMENS TESTED 


The microstructures of the original nitrided surfaces are show: 
in Figs. 5 to 8 inclusive. All photomicrographs were taken at a mag 
nification of 1000. 


which a little nitric acid had been added. 


The etchant used throughout was picric acid to 
The time required for 








Fig. 4—-X-ray Spectrograms of Original Nitrided Surfaces. 


etching varied with the depth of cut and somewhat with the different 
materials. The original surface of the alloy steels required 45 seconds 
to one minute, while for some of the later cuts the etching time was 
only a few seconds. 

Fig. 5 shows the original structure of the Armco iron, and it 
will be observed that it appears to be a single phase, with the possible 
exception of slight porosity. In correlation with the X-ray data this 
appears to be a solid solution, which exhibits the hexagonal close 
packed lattice. A complete interpretation of the apparent porosity 
is not possible. The partial decomposition of some of the nitrides 
originally formed in the surface of the case has some evidence for its 
support. Reduction of oxides by hydrogen must also be considered. 

The original structure for the S.A.E. 1025 steels is shown in 
Fig. 6. On first examination this structure appears to be homo- 
geneous, except for some porosity. However, on close examination 
it will be observed that there are certain areas which show lighte: 
colors than others, so that this microstructure might correspond with 
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Table IV 
X-Ray Data of Original Nitrided Surfaces 
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Table 1V—Continued 


c. C. 


Sample No. 4 
(Film No. 


111 


200 


220 
31] 
400 


331 
420 


2 


A 
A| 


~~ 


ho 


Sample No. 


(Film No. 


11] 


200 
90 


311 


400 
331 


420 





we 


Interplanar 
Spacing 


a oO w 
oonwouw 
mown 


+ 
bo 


ee ee HD DD 
+ 00 


m DO Go 
pum 


0.951 
0.917 
0.874 
0.852 


.807 


Boao 


2.188 
2.07 

1.901 
1.596 
1.351 
1.238 
1.144 
0.950 
0.869 
0.848 


. ace3.796 


~v 


~ 


<<4< 


Novembe: 


m. 
m. 


m. 
m. 


m. 
m. 


£z<= 





Intensity * 


*The intensities of the lines in the diffraction patterns have been indicated by the follow 


ng: 
v.S.=very strong 
s.—strong 
m.— medium 
w.— weak 
v.w.very weak 





Sample Number 


mde Who 


Hagg— 8.6% Nitrogen 
Hagg—11.1% Nitrogen 
Osawa and Iwaizumi— 
Osawa and Iwaizumi— 


Table V 
Unit Parameters of the Iron-Nitrogen Hexagonal Phase 


(All values are in Angstrom Units) 
Unit Parameters 


8.08% Nitrogen 
9.09% Nitrogen 


Osawa and Iwaizumi—11.0 % Nitrogen 
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PHOTOMICROGRAPHS OF NITRIDED SPECIMENS 


ig. 5—Original Surface of Nitrided Open-hearth iron. & 1000. 
. 6—Original Surface of Nitrided S.A.E. Steel 1025. « 1000. 
. 7—Original Nitrided Surface of Sample No. 4. & 1000. 
. 8—Original Nitrided Surface of Sample No. 5. « 1900. 
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the X-ray film which showed a strong hexagonal pattern and a weak 
tace-centered cubic pattern. 

The microstructure of sample No. 3 was quite complicated and 
difheult of interpretation, and on that account has not been included 

Fig. 7 shows the microstructure of sample No. 4. This is a 
0.36 per cent carbon nitriding steel. The X-ray pattern had shown 
a duplex structure, and such a structure is also indicated in the photo 
micrograph. Our interpretation would be that the unattacked areas 
represent the epsilon phase, while the lighter areas showing attack 
represent the face-centered cubic or Fe,N phase. 

Fig. 8 shows the microstructure of sample No. 5, which is a 
lower carbon nitriding steel. Apparently the amount of the epsilon 
»hase 1s greater in this steel than in the higher carbon steel (No. 4), 
which was otherwise of the same analysis. 

The hardness of the original surfaces of these steels are given 
in Lable III and in Fig. 3. Some tendency toward brittleness was 
observed in the tests on the original nitrided surfaces, thus associat- 
ing brittleness with the hexagonal crystal structure. In the first cut 
on sample No. 2 the face-centered cubic lattice was found, but no 
indication of brittleness was observed. This gives some evidence 
that brittleness is not due to the Fe,N phase. 

The First Cut Below the Surface. The amount of material re 
moved in the first cut on the different samples is shown in Table II]. 
It will be observed that the amount of material ranged from about 
three to four thousandths. 

The data from the X-ray examination of samples after the first 
cuts were taken off are shown in Table VI, and the films represent- 
ing the X-ray photograms for the different samples are shown in 
Fig. 9. 

[t is interesting to note that in the case of the Armco iron the 
removal of 0.0031 inch not only removed the material which produced 
the hexagonal pattern but also the material which presumably was 
present which would produce the face-centered cubic lattice, and this 
film shows only the body-centered cubic lattice. In the case of the 
S.A.E. 1025 steel the hexagonal pattern is completely removed, but 
there is present a duplex pattern representing the Fe,N and the alpha 
iron phases. The presence of carbon in this steel, as compared with 
the Armco iron, may have favored the formation and penetration 
of the face-centered cubic lattice ; however, small amounts of alloying 
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elements as are usually found in commercial steels were present, and 
they may have had an influence on the phases present. 





In the case of the nitriding steels—samples Nos. 3, 4, and 5— 
this first cut removed both the hexagonal and the face-centered } 
cubic lattice, and we have only the lattice characteristic of alpha iron. 3 


In the case of sample No. 4 there was one weak line which belongs 
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Fig. 9—X-ray Spectrograms of First and Second Cuts of Nitrided Cases. 


to the face-centered cubic lattice. In this connection it is of im- 
portance to point out that, although the first cut removed all the 
phases except the alpha iron solid solution, the samples retained full 
hardness, as shown in Table III; in fact, samples Nos. 3 and 4 showed 
a slightly greater hardness after the removal of the first cut than 
they did as tested on the original surface. The failure of these 
samples to show more than one lattice is not positive proof that a 
second phase is not present, but it does show that there is no other 
phase present in sufficient concentration or size of particle to give a 
diffraction pattern. The findings from the X-ray examination are in 
agreement with the results of the microscopic examination which are 
discussed later. This naturally raises the question whether or not 
the useful, rather tough, case produced in nitriding may be entirely 
due to the alpha phase—a solution of nitrogen in alpha iron. 

In the reproduction of the films in Fig. 9 the films for samples 
Nos. 3 and 4 are not shown, because they are similar to the film for 
sample No. 5. Film No. 306 is included in this group in order to 
show that the face-centered cubic pattern found in the first cut of the 
S.A.E. 1025 steel had completely disappeared after the second cut 
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PHOTOMICROGRAPHS OF NITRIDED SPECIMENS. 


Fig. 10—First Cut of Nitrided Open-hearth Iron. 
Fig. 11—First Cut of Nitrided S.A.E. 1025 Steel. 
Fig. 12—Second Cut of Nitrided S.A.E. 1025 Steel. 
Fig. 13—First Cut of Nitrided Sample No. 4. 

Fig. 14—First Cut of Nitrided Sample No. 5S. 


x 1000. 
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which had removed 0.0064 inch of the case. The corresponding 
microstructure is shown in Fig. 12. 

The Microstructures of the First Cut. The microstructure of 
the Armco ingot iron is shown in Fig. 10. The ground mass is ap 
parently the alpha iron solid solution. The frequently observed 
nitride needles, or as Mehl and Barrett have termed them, “nitride 
plates,” are in evidence, and there is some material collected at the 
grain boundary. However, on X-ray ‘examination, there is not a 
sufficient amount of this minor phase present to give an X-ray 
diffraction pattern. 

The structure of the S.A.E. 1025 steel is shown in Fig. 11. 
The X-ray pattern showed that there were two phases present—the 
face-centered cubic and the alpha iron phase. Our interpretation of 
the microstructure is that the background is the alpha iron phase. 
The lighter appearing microstructure, which shows etching attack, but 
which seems to be somewhat in relief, is apparently the Fe,N phase. 
The darker structure, which appears in relief, is undoubtedly pearlite. 
Another interesting structure of this sample after the second cut was 
taken off shows the complete absence of the gamma phase, but shows 
the alpha phase with nitride needles. This structure is shown in Fig. 
12. Consistently the X-ray pattern shows only the body-centered 
cubic lattice to be present. 

Fig. 13 shows the structure of sample No. 4 after the first cut. 
This is the 0.36 per cent carbon nitriding steel, and the structure is 
apparently that of the alpha phase, with some spheroidized carbide 
particles. This structure showed only the body-centered cubic lattice. 

Fig. 14 shows the microstructure of sample No. 5 after the 
first cut has been removed. Here again the structure seems to be 
that of the alpha phase, in which there is embedded the carbide 
particles, mostly in the spheroidized condition. This again is con 
sistent with the X-ray diffraction pattern which showed only the 
hody-centered cubic lattice. The microstructure of sample No. 3 
was not reproduced, because it was quite similar to those of samples 
Nos. 4 and 5. 

Examnunation of the Second, Third, and Fourth Cuts Below the 
Surface. The complete examination was made of all of these spect 
mens at the second, third, and fourth cuts below the surface, the 
depths of which are shown in Table III. The results of the ex- 
amination of Sample No. 2—S.A.E. 1025 steel—have already been 
discussed. Otherwise, no change in the structure was observed. 
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The X-ray examination showed only the alpha tron lattice, and 
since this lattice does not appear to have its parameter changed by 
the addition of nitrogen, no variation in the unit parameter would be 
expected at the different depths in the nitrided case. There was some 
variation in the diffuseness of the lines, but no definite correlations 
could be made. If distortion of the alpha iron lattice results from 
the solution of nitrogen, then one might attempt to correlate the 
character of the lines and the nitrogen content. In these experiments, 
however, light cuts of the nitrided surface were removed by grinding, 
and it would be impossible to tell whether a distorted lattice was due 
to nitrogen in solution or strains introduced in grinding. Microscopie 
examination of the surface at greater depth showed little, if any, 
variation. 

The nitride needles or plates were found in the Armco iron and 
the S.A.E. 1025 steel, but they were not evident in the alloy nitriding 
steels. We were not able to identify definitely a precipitated phase 
that is, one which precipitated on cooling—in any of the specimens, 
unless the needles or plates in the material at the grain boundary in 
Figs. 10 and 12 represent such a phase. [Examination at high mag 
nification might reveal such a phase in the alpha iron solid solution. 


GENERAL CONCLUSIONS 


The hexagonal close-packed lattice was found in all of the 
samples, but it was accompanied by the face-centered cubic lattice 
in all of the samples, except the Armco iron. The results indicate 
that for the samples studied in depths below the surface transition 
is from the hexagonal lattice at the surface, or the hexagonal lattice 
with the face-centered cubic to the face-centered cubic, and then to the 
face-centered cubic with the alpha lattice, and that at comparatively 
small depths—0.003 to 0.004 inch—the alpha lattice only is found. 

The hexagonal close-packed lattice seems to be associated with 
the surface brittleness in nitrided cases. Cases showing the face- 
centered cubic and the alpha iron lattice were not found to be brittle. 
Nitrided cases showing the alpha iron lattice only have been found 
to possess full hardness and even show a greater hardness than the 
original surface. This leads to the conclusion that extreme hardness 
of nitrided cases can be accounted for by the presence of nitrogen 
in solution in the alpha iron lattice, and that while no finely dis 


persed phase has been found at 1000 magnification and no X-ray 
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evidence of a second phase has been found, there still remains th 


possibility of the existence of such a phase in a sub-microscopic size 


and in such a finely dispersed condition that it will not give an X-ray 
diffraction pattern. 


The technique worked out for the examination of nitrided cases 


seemed to present a more direct and satisfactory method of study 
than has previously been reported. 


This investigation suggests the desirability of developing nitrid- 


ing steels or nitriding methods which will make possible the pro- 


duction of nitrided cases which are free from the hexagonal epsilon 


phase. It might be more satisfactory to obtain a case consisting 


entirely of the alpha iron phase, since this phase gives the necessary 


hardness and appears to be free from brittleness. 
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DISCUSSION 


Written Discussion: By John T. Norton, associate professor ot phys 
es of metals, Massachusetts Institute of Technology, Cambridge, Mass 

The authors of this paper are to be congratulated on their interesting de 
scriptions of the structures found in nitrided iron and alloy steel. The X-ray 
diffraction method of examination is well suited for this work and some im- 
portant conclusions are to be drawn from their study. The authors have found 
the same structures in pure iron and in alloy steels and they are identified as 
nitrides of iron. To be sure, they did not find the face-centered phase in the 
\rmco iron sample, but it has been found in this material by the writer and 
by others. From this we are forced to conclude that it is not these nitrides of 
iron which are primarily involved in the hardening process of nitriding alloys 
because the same nitrides occur in pure iron which does not harden appreciably 
We must look to the alloying elements aluminum and chromium and their roles 
are still a matter of dispute. 

The present determination of lattice parameters is not sufficiently precise to 
show any systematic change due to the presence of these elements. The excel- 
lent work on the iron-nitrogen system by Eisenhut and Kaupp,* which per- 
haps the authors have overlooked, is a beautiful example of the high precision 
which can be obtained and they have established the major portion of the 
equilibrium diagram by X-ray means alone. Such work should be extended to 
include the alloying elements. 

It is interesting to note that the maximum hardness is obtained when only 
the body-centered phase is observed. Some work by the writer has shown 
that face-centered phase begins to appear at about 2 per cent nitrogen, hence 
the maximum hardness involves only a small nitrogen content. 

It does not seem probable that the diffraction methods will reveal the cause 
of hardening by the indication of new structure types but rather by small 
changes of lattice constants or by lattice distortion as shown by broadening of 
the diffraction lines. For this reason we may only hope to attack the problem 
by the most precise work of which the method is capable. Such information 
correlated with the microstructures and physical properties should be of great- 
est help in finding a solution of these complex alloys. 

Written Discussion: By J. T. Norton, Jr., chief chemist, Ludlum Steel 
Co., Watervliet, N. Y. 

The statement made by the authors of this interesting paper that nitrided 
cases showing the alpha iron lattice only have been found to possess full hard- 
ness without objectionable brittleness is of great importance to users of the 
nitriding process. 

It is to be hoped that some method of control will be found so that only 
this alpha iron lattice: will be produced. As a matter of fact, most nitrided 
parts are given a light grind after hardening which doubtless removes the 
greater part of the objectionable hexagonal close-packed lattice and thus cor- 
rects the brittleness caused by this crystal structure. 

I should like to have Dr. Harder’s opinion as to just what role such ele- 


*Eisenhut and Kaupp. “Das System Eisen-Stickstoff.”’ Zeitung fiir Electrochemic 
Bd. 36, Nr. 6, 1930 
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ments as chromium, aluminum, vanadium and molybdenum play in nitriding 
steels and what is the reason for the remarkable effect on surface hardness 
which these elements appear to cause. 

Table III in the paper shows that in the case of sample No. 1 (Arme 
iron) and sample No. 2 (S.A.E. 1025) very little increase in hardness is pr 
duced by nitriding. The addition of approximately only 1 per cent of aluminun 
and 1.50 per cent of chromium in sample No. 3 and in samples No. 4 and No. § 
of 0.20 per cent of molybdenum in addition to the aluminum and chromiun 
produce after nitriding an increase in hardness which is truly remarkable. This 
hardening effect has been generally ascribed to the formation of complex nitrides 
of these elements with iron but no proof has as far as I know been attempted 

In his original paper on the nitriding process Dr. Fry determined the ck 
composition point of the nitrides of iron, manganese, chromium, tungsten, ti 
tanium, vanadium and aluminum. Of all the elements studied, aluminum showed 
considerably the highest decomposition point followed in order by chromiun 
and vanadium and it is worthy of note that this order is approximately the sam 
in the hardening effect of these elements when introduced into steels. 

There is some evidence that more than one element in combination witl 
iron is desirable in a good nitriding steel, for example, a piece of calorized 
metal in which metallic aluminum is driven into the surface of the steel is not 
appreciably hardened when nitrided. 

Also, all of the well known types of nitriding steels contain two or moré 
elements, such as chromium, aluminum, molybdenum, molybdenum-aluminum, 
or chromium-vanadium. The role of carbon in nitriding steels is also of con 
siderable interest as it is well known that in nitriding steels the depth of 
nitrogen penetration as shown by etching reagents decreases as the carbon per 
centage is raised. 

Written Discussion: By Peter R. Kosting, research associate, Bureau 
ot Standards, Washington, D. C. 

This timely paper shows a number of interesting photomicrographs, es 
pecially those of nitrided open-hearth iron and S.A.E. 1025 steel. A transvers: 
view would have been very enlightening, for then the actual depth and natur: 
of the outermost layer would have been better revealed. With this in view 
the following are given, which are the results of work suggested by S. B 
Hendricks and P. H. Emmett and done while at the Fixed Nitrogen Researcl 
Laboratory, Washington, D. C., early in 1930. 

Specimens of open-hearth iron (carbon 0.029 per cent; silicon 0.005 per 
cent; manganese 0.01 per cent) electrolytic iron (carbon 0.019 per cent; 
silicon 0.01 per cent; manganese trace), as well as iron powder and _ iron 
nails were annealed in 3-1 H.-N: gas mixture at 640 degrees Cent. and the: 
nitrided in ammonia gas at 565 degrees Cent. + 5 degrees for 96 hours. Such 
conditions favor the formation of epsilon solid solution. The iron powder 
analysed 10.1 per cent N». Fig. 1 of this discussion shows a transverse view oi 
the edge of an iron nail. The nitride case is around 0.0026-inch thick. An 
X-ray photogram of the outside of this nail showed both the epsilon and gamma 
prime patterns. It is estimated that these rays penetrated about 0.001 inches 
lig. 2 shows the differentiation of the outside layer into two parts by pre 
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longed etching with picric acid. Fig. 3 is a transverse view of the outsick 
case on open-hearth iron. The case is around 0.0014-inch thick. It is clearly 
indicated that the path of penetration of the nitriding gas is along grain bound- 
aries from whence it must diffuse into the iron crystals. Electrolytic iron 
blocks were badly warped upon nitriding and upon metallographic examinatio: 
were found to be badly pitted and heterogeneous in character. In the interior. 
a stratum was found of which Fig. 4 is representative. The black areas ar 
pits, the smooth white background is of nitrided iron and the mottled area ix 
believed to be alpha iron. The background is broken up by further etching 
into much smaller crystals showing twinned structure characteristic of gamma 
prime as is shown in Fig. 5, where the mottled area is shown as a pit. These 
areas in Fig. 4 are similar to those shown in Fig. 11 of the paper in which 
the groundmass is designated as alpha iron and the lighter appearing micro- 
structure which appears in relief as FesN. Comparison with Figs. 10 and 12 
of the paper leads the present author to believe that the reverse is true and 
that gamma prime constitutes the background. Fig. 6 shows the microstructure 
of another area in the interior of the nitrided electrolytic iron block after deep 
etching. 

Similar specimens were annealed at 640 degrees Cent. and nitrided at 572 
degrees Cent. + 10 degrees for 163 hours in Ne — 3H: — NHg gas mixture 
in which the percentage ammonia in the entering gas was 20 + 5 per cent 
thus favoring the formation of gamma prime. The nitrided powder was shown 
to be FesN by X-ray analyses. The block of electrolytic iron was again badly 
warped and full of pits. The cylinder of open-hearth iron had two layers formed 
as shown in Fig. 7, an outer one of gamma prime, 0.0016-inch deep, so brittle 
that it could be lost when polishing for microscopic examination unless properly 
protected by solder, and an inner one of Braunite. The temperature of nitriding 
tended to run high at the latter part of the exposure and indicates that the 
eutectoid horizontal is near 580 degrees Cent. The gamma prime phase was 
also to be found at the grain boundaries. Comparatively few nitride needles 
were to be found within the crystals at the core upon further etching. 

This work indicates that the purity of the metal affects the depth of cases, 
and it seems that the higher the carbon the greater the depth. Figs. 10 and 11 
of the paper tend to support this conclusion also. Examination of 3 shows that 
taking off a cut 0.0031 inches deep would completely remove the case and 
leave nothing but nitride needles and gamma prime at grain boundaries as is 
found in Fig. 10. Furthermore, the correctness of Eisenhut and Kaupp’s dia- 
gram of the iron-nitrogen system is substantiated, especially with reference to 
the epsilon and gamma prime heterogeneous field. 


Author’s Closure 


With reference to Mr. Kosting’s discussion, we wish to say first that he 
has made some valuable additions to our paper, and it appears that our results 
are generally in agreement. The only point on which there seems to be some 
lack of agreement is with reference to our interpretation of the microstructure 
of Fig. 11 in particular. Our interpretation of this microstructure was based 
upon the observation that the light structure in Fig. 11 seemed to stand up in 
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f and to have dispersed at a greater depth, as shown in Fig. 12. There 


relie 
have been some differences in our method of etching, and, finally, we are 


may 
t positive that we are correct. 

With reference to the discussion by J. T. 
it first that our method of determining the hardness may not have revealed 
the true surface hardness of the Armco iron and the $.A.E. 1025 steel, because 
It will be appreciated that even with the 


Norton, Jr., we wish to point 


of the very thin hardened layer. 
10 kilogram load, the Vickers type of indenter may break through an extremel) 
thin case and register more nearly the hardness of the material below the case. 
It is well known that the large Brinell instrument does not give a true indi- 
cation of the hardness of thin nitrided cases. The microcharacter might be a 
better instrument to use in determining the hardnesses of such cases. 

Our investigation has yielded practically nothing regarding the mechanism 
of hardening alpha iron by nitriding. More precise X-ray work may show 
something with reference to the distortion of the alpha iron lattice, or in some 
way indicate that nitrogen is present in the lattice. On the other hand careful 
work at high magnification may reveal under the metallurgical microscope some 
precipitation phases in these nitrided cases. It is quite within the range of 
possibility that precipitation phases may exist in such finely divided state that 
they would not yield an X-ray diffraction pattern. 

As I have just indicated, the most likely mechanism for the hardening ot 


these nitrided alpha irons are: 
1. The presence of stranger atoms, in this case nitrogen, in the iron lat 
tice, and 


?, The presence of a second phase, which in this case would presumably 


be some form of nitride. 





The work by Herbert shows only a slight decrease in hardness when tested 
at elevated temperatures, until a temperature of 400 degrees Cent. is exceeded. 
his would suggest that there was no decrease in the hardness due to the solu- 
tion of a phase at temperatures not exceeding 400 degrees Cent. 

With reference to Prof. John T. Norton’s discussion, we should explain 
first that our work was completed in May, 1930, and therefore the paper by 
Kisenhut and Kaupp had not become available. 

Prof. Norton has made some valuable suggestions, and it is to be hoped 
that either his laboratory or others will continue the work along the line which 
he has suggested. We feel that more precise work along the line which we 
have used may possibly yield additional information regarding the effect of 
various alloying elements, such as chromium, aluminum, molybdenum, and vana- 
dium in producing the extreme hardness observed in nitrided cases. 


















































EVOLUTION OF THE IRON-OXYGEN 
CONSTITUTIONAL DIAGRAM 


By C. H. Matuewson, E. Sprre ann W. E. MILLIGAN 
Abstract 


This paper presents a discussion of the constitutional 
data on tron-oxygen alloys now available, with particular 
reference to the previous discussion of the same subject 
by Benedicks and Lofquist. Much attention has been 
devoted to the question of the composition of the oxide 
phase in equilibrium with molten iron (containing oxide ) 
and its subsequent change on cooling. The part of the 
diagram representing equilibrium between a ferrous and 
a ferric constituent |FeO (approx.) and Fe,O,| has been 
worked out for the first time by the customary thermal 
and microscopic methods. 

As a conclusion of general interest, it may be stated 
that the oxide phase ordinarily found distributed in the 
form of small globular inclusions in oxidized iron will 
occur either in the ferrous or combined ferrous and ferric 
condition depending upon the thermal treatment. 


A YUT three years ago Benedicks and Lofquist (1)! published 
a complete constitutional diagram of the system Iron-Oxyger 
taking into account the results of all chemical or metallurgical investi 
gations known to them in which various aspects of the equilibriun 
between known phases in this system have been presented. Standing 
at the head of this miscellaneous assortment of detached observations 
and virtually constituting the point of departure in constructing th 
diagram was Tritton and Hanson's (2) well known communication 
of 1924 in which certain essentials of equilibrium between iron and 
the neighboring oxide phase were set forth. 

The diagram of Benedicks and Lofquist is reproduced in Fig. | 
and the purpose of the present communication is to reconstruct it in 
the light of additional evidence, including some independent verifica- 
tion of important points affecting particularly the equilibrium in 

‘The figures appearing in parentheses refer to the bibliography appended to this paper 

From a part of a dissertation to be presented by E. Spire to the Faculty 
ot the Graduate School of Yale University in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. Dr. C. H. Mathewson is a mem- 
ber of the society and is Professor of Metallurgy, E. Spire is a graduate stu- 
dent in the department of mining and metallurgy and W. E. Milligan is Assist- 
ant Professor of Metallurgy at Yale University. Manuscript received Feb. 13 
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Fe-O Constitutional Diagram According to Benedicks and Lofquist 


mixtures in which nearly pure iron appears as the predominant phase. 

First of all, the location of the biliquidal region BDEC is based 
upon Tritton and Hanson's analyses of the two layers B and C in 
equilibrium with the solid phase, 8 iron saturated with oxygen, and 
two points between B and D, attributed to de Coussergues (3), show 
ing the saturation concentrations of oxygen in liquid iron at 1700 and 
1800 degrees Cent. De Coussergues, however, obtained these values 
from a curve published by Eichoff (4+) and examination of the refer 
ence cited, as pointed out by Herty (5), shows no experimental 
foundation for the solubility values given. In place of these fictitious 
values, however, we now have reliable data on the solubility of 
oxygen in iron at temperatures up to 1734 degrees Cent. communi- 
cated by Herty (5) and co-workers. Some of these values are 
shown in Table I (a) and plotted in Fig. 2. 

They represent analytical determinations of the oxygen con 
tained in samples of iron taken at the various temperatures from 
underneath a slag composed principally of ferrous oxide containing 
up to approximately 18 per cent of ferric oxide. Since no determina- 


tions of free iron were made in these slags no points on Benedicks 
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Table I 





(a) 
Solubility of Oxygen in Liquid Iron, Herty and Collaborators (5) 


Temperature Oxygen Dissolved 
Melting Point 0.21 Per Cent 
1600° C 0.304 
1700° C 0.452 
aoe”. G 0.552 
(b) 
Beginning and End of Freezing: Transformation Points, Tritton and Hanson (2) 
Oxygen Liquidus Oxide Transformation Points* 
by Point on Point on - —— - —_ 
Analysis Cooling Heating Ar, Ac, Ars Acs Arg Acy 
0.1 isso 6G (1371) 1408 (1396) (1407) 845 764 (763 
0.12 1525 1394 847 (885) (912) 759 (763) (767 
0.15 1526 1394 865 (885) (912) 764 (763) 
0.18 152¢ 1394 851 759 (763 
0.21 1519 (1376) 1376 (1396) (1407) 861 (889) (912) 751 (763) 


*Values enclosed in brackets determined with particular care in separate experiments 
not complicated by melting and solidification of the specimen; the As and Ag points 


vacuum. The results indicate no change in the transformation points due to oxygen i 
this range of concentration. The oxide arrest was checked by experiments on iron cor 
taining a quantity of oxide in drilled holes and on iron oxide melted in an iron pot. The 


former gave 1371 degrees Cent. on heating and 1361 degrees Cent. on cooling; the latte 
1371 degrees Cent. on heating and 1369 degrees Cent. on cooling. 
‘ (c) 
Composition at the Phase Boundaries of Wustite (FeO Solid Solution) and Oxoferrite 
(Fe Solid Solution) Schenck and Others (16) 


Per Cent O in Wustite* Per Cent 
Temperature (a) (b) O in Oxoferrite 
600° C 23.11 24.24 
650 23.17 24.29 
700 23.06 24.35 ae 
800 22.95 24.35 0.4 
900 22.84 24.51 ae 
1000 22.79 24.62 0.4 
110) 22.67 24.78 


*Eutectoid point given as 24 per cent at 560 degrees Cent 

Krings and Kempkens (8) give 0.095 + .01 per cent oxygen at 800 degrees Cent. an 
.11 + 0.015 at 715 degrees Cent. for solubility of oxygen in iron; Tritton and Hanson (2 
give 0.05 per cent as an approximate figure. 


(d) 
Thermal Dota on System FeO—Fe.0, 


Composition Expressed in Notes 
Per Cent Oxygen Beginning of 
(a) As (b) By Primary Eutectic 
No. Weighed In Analysis Freezing Freezing 
1 25.7 25.9 1308° C 1170° C 
5 24.9 ye ae 1170 Primary freezing not detected. 
3 24.0 24.6 1270 1165 Eutectic could not be absorbed by a: 
nealing in vacuum at 1100° C. 
1 24.5 24.4 Cooling curve not obtained. Shows 
primary FeO solution + Eutecti 
. 23.7 23.9 1300 i No eutectic visible. Primary freez 
ing over wide temperature rang 
6 23.2 sien 1340 a aril No eutectic. Composition probably 


approximates 23.5 per cent O. Not 


verified by analysis. End of pr 
mary freezing vicinity of 1220° ¢ 


Ave. composition of eutectic between FeO solid solution and FesQ0,4 solid solution by 


measurement of areas in No. 2 (see p. 78) 25.0. 


(e) 
_ Miscellaneous Observations 








"Melting Point of FesO, ed 3) OP NTA ae 

e. @ ° " . ~ ese ~ P é { -ye /) 
_ Decomposition Point of Fe2Os3 1565° Cent. } Hilpert and Kohlmeyer (1 
Solid solubility between FesOs and Fe.O, Ruer and Nakomoto (6) 


at 1150 or 1200 degrees Cent. 
FesO, in FeoOs, inappreciable. 
FeoOs in Fes0,4, approx. 2 per cent, (corresponding to concentration of 27.68 per cent O 
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and Léfquist’s curve, CE, came out of this investigation, nor have 
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such points been determined elsewhere as far as the authors have 
heen able to learn. 

There is little doubt that the location of the point B at 0.21 
per cent oxygen by Tritton and Hanson is substantially correct as 
much confirmatory evidence can be cited. Cf. in this connection 
Herty’s discussion of the available data on page 7 of the paper al- 
ready cited. The location of the point C at the right hand extremity 
of the monotectic horizontal is, however, subject to considerable un- 
certainty. Benedicks and Lofquist in locating this point apparently 
agree with Tritton and Hanson in the general assumption that this 
liquid layer normally contains less oxygen than corresponds to the 
formula, FeO, although they carry the curve CGM, along which the 
iron phase separates, into the region of solid solutions (between FeO 
and Fe,OQ,) instead of terminating it at the concentration of pure 
FeO as was done provisionally by Tritton and Hanson. According 
to the analysis reported 80.6 per cent of the frozen oxide layer is 
FeO, 14.0 per cent Fe,O, and 0.99 per cent free iron, with 3.0 per 
cent of MgO and 0.4 per cent SiO, present as impurities. Micro- 
scopically, the “free iron’’ was observed in the grain boundaries of 
the oxide phase which may be assumed to be solid solution of oxide 
molecules containing ferrous and ferric iron, presumably FeO and 
Fe,Q,. 

In plotting points on a binary diagram from these data it would 
appear essential to subtract the total amount of impurities and cal- 
culate the oxygen concentration of point C from the proportions of 
FeO, Fe,O, and Fe shown in the analysis; likewise the concentration 
of the point M from the proportions of FeO and Fe,O,, the free 
iron, having separated on cooling to this point. This procedure 
would locate C at approximately 23.1 per cent O and M at approxi- 
mately 23.4 per cent O, the compound FeO requiring approximately 
22.2 per cent O. 

This runs counter to the common assumption that liquid iron at 
the surface of contact with the oxide phase reduces ferric oxide 
completely to ferrous oxide while reoxidation occurs at the gas sur- 
face owing to the extremely low oxygen pressure of ferrous oxide 
or even the magnetic oxide.2, Whitely (9), discussing Tritton and 





*Ruer and Nakamoto (6) by allowing the products of dissociation of ferric oxide to 
come to equilibrium at various temperatures in a moving atmosphere of purified nitrogen 
rought about melting at 1550 degrees Cent. at which point the product had become con- 
erted into a mixture of FeeO, containing 4 per cent FeO. The oxygen pressure of such 
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Hanson's results cited his own experiments (10) in support of 
contention that the reaction Fe.O, + Fe = 3FeO reaches an equilil 
rium in the oxide phase at 1300 to 1400 degrees Cent. correspondi 

to the presence of about 8 per cent of ferric oxide in the mixture 
This result was obtained by heating oxide originally containing 2 
per cent of ferric oxide together with some electrolytic iron sheet 

a plugged steel cylinder contained in an evacuated silica tube. Heat- 
ing for various periods at 1300 to 1400 degrees Cent. with different 
amounts of ferric oxide always gave approximately the same result 
\ssuming no free iron in the material, this percentage of ferric oxide 
corresponds to an oxygen content of about 22.8 per cent oxygei 
which is approximately the concentration of the point M _ as located 
provisionally by Benedicks and Lofquist to account for the apparent 
absence of an eutectic point between iron oxide and iron and _ the 
failure of all observers to obtain ferrous oxide unaccompanied |) 
coarsely precipitated iron from melts in this region. 

In order to obtain first hand evidence concerning the location of 
the points C and M, samples of iron oxide made by burning electro 
lytic iron* in an oxyhydrogen flame were melted in crucibles prepared 
from electrolytic iron. At first the crucible containing the oxide was 
placed inside of a high frequency coil and heated just to the melting 
point of the iron with rather free access of air. Shortly after th 
oxide had frozen the crucible was quenched in water. Two melts 


prepared in this way gave the following results: 


Per Cent Per Cent Per Cent Calculated Pe 

Free Troi FeO ke eM Cent Oxygei 
(1) 1.79 86.08 11.21 22.54 
(2) {, A-200 mesh 2.25 86.38 11.09 22.54 
} B-280 mesh 1.77 87.63 10.85 22.48 


Some of the methods recommended by Oberhotter and Groebler (11) 
were used in this analysis, viz., free iron was determined by extrac 


tion with mercuric chloride, and ferrous iron by the Zimmerman 


a mixture at its melting point is therefore scarcely noticeable and the oxygen pressure « 
mixtures within the range of the present. experiments would be even less. Sosman a1 
Hostetter (7) give the oxygen pressure of Fe,O, at 1200 degrees Cent. as 0.04 mm. Kring 
and Kempkens (8) in determining the composition of solid solutions of oxygen in iron at 7] 
and 800 degrees Cent. by bringing them into equilibrium with various mixtures of hydroge: 
ind water vapor, thus indirectly determined the oxygen pressure of iron saturated with FeO 
(corresponding to 0.08 to 0.125 per cent O) through the medium of the equation 2 HsO 
-He + Ov. Under these conditions the oxygen pressure of the saturated solid solutio 
was of the order of 10°-°? Atm 


Analysis of this material: (Courtesy of Jerome Strauss, Vanadium Corporation ¢ 
America): C, 0.035 per cent; P, 0.005 per cent; S, 0.007 per cent; Si, 0.008 percent. Th 
material was further purified by treatment in hydrogen and in vacuum No carbide 
xide-sulphide eutectic could be found in the final product 
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Reinhardt method but ferric iron was found by difference after de- 
termining total iron. The details of these procedures are given in an 
appendix. 

It is observed that the oxygen content of these melts is not 
greatly different from the oxygen content of Tritton and Hanson’s 
oxide layer. Considerably more free iron was found, however, and 
the reason for this became evident on microscopic examination of 
sections through the slag and metal. Oxidation of the metal by 
transfer of oxygen through the slag had proceeded irregularly so as 
to form detached rounded particles which became part of the oxide 
mass and could not be separated analytically from the smaller par- 
ticles of free iron which had precipitated on cooling from C to M. 

Photomicrographs of similar preparations have been published 
by others, notably Wohrman (12), who offers a brief structural 
diagnosis of the process of oxidation. 

In order to avoid abnormal structures due to excessive oxidation, 
viz., to maintain an approximate equilibrium concentration of the 
oxide phase in contact with iron at its melting point, a similar experi- 
ment was conducted in the virtual absence of oxygen by enclosing the 
iron crucible in a quartz tube and evacuating to a pressure of less 
than 1 millimeter. Although the oxygen pressure (of approximately 
5 millimeter) is considerably above the dissociation pressure of all 
oxide mixtures in this range of concentration, oxidation at the sur- 
face would probably be slow and the mixture as a whole may con 
fidently be expected to yield approximately the oxygen content of a 
final reduction product in contact with iron. 

It was believed that quenching of the mixture after cooling to a 
temperature just below the melting point of the oxide would sup- 
press all changes below this point, such as precipitation of iron from 
solid solution and the final eutectoid transformation of the FeO solu- 
tion into iron and magnetic oxide at Q, thus making it possible to 
determine the concentration of point C and that of point M from the 
analytical results expressed in terms of free iron, ferrous oxide and 
ferric oxide. 

Thus, the total oxygen expressed as a percentage of the total 
weight of free iron, ferrous oxide and ferric oxide would represent 
point C and the total oxygen expressed as a percentage of the total 
weight less the weight of the free iron would represent the point M. 
In spite of the precautions taken, microscopic examination again 
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13] 


evealed the presence of large particles of iron in the oxide phase 
iccompanying the much smaller particles of precipitated iron. Figs. 


3. 4 and 5 represent this structure and indicate the possibility of re- 


moving the large particles by screening before making an analysis 
+o determine the true composition of the mixture of oxide and iron 
originally held in liquid solution. Comparisons on the camera screen 
of the microstructure at different locations with similar projected 
images of various available wire screens led us to believe that a screen 
showing an aperture of .04 mm. would retain most of the ‘detached’ 
iron and pass all of the precipitated particles. The samples were 
accordingly finely pulverized in an agate mortar and sifted through 
this (280 mesh) screen. 

The results of the analysis of an oxide which had been com- 
pletely removed from one half of a longitudinal section through the 
iron container and carefully sampled are given below on the first 
line. The number (1) refers to an experiment in which the maxi- 
mum temperature reached was 35 degrees Cent. below the melting 
point of the iron as nearly as could be determined by means of a 
simple and convenient optical pyrometer previously calibrated by 
observing the melting points of the oxide and the iron in vacuum 
under similar conditions. The number (2) refers to another experi- 
ment in which the maximum temperature reached was 23 degrees 
Cent. below the melting point of the iron and in this case the oxide 
used in the analysis was removed with a piercing tool so as to pre- 
serve the crucible for the other experiment. In both cases the cruci- 
ble and contents were allowed to cool rapidly in vacuum (150 degrees 
per minute) until the oxide had frozen, then more rapidly by admit- 
ting air and quenching in water as soon as possible. This active 
quenching occurred at a bright cherry red heat. 





Cale. Per Cent Calc. Per Cent 


Per Cent Per Cent Per Cent Oxygen Oxygen 
Free Iron FeO Fes,0- Point C Point M 
(1) 2.20 89.11 8.41 22.43 23.00 
(2)* 2.20 87.91 7.91 22.10 23.06 





Although the above method of eliminating iron properly belong- 
ing to the metal phase can not be considered strictly accurate it is 
noteworthy that identical results have come from the two experi- 


ments. This percentage of free iron (2.20) is considerably greater 





*The sum of the free iron, ferrous oxide and ferric oxide in sample (2) falls about 2 
per cent short of 100, probably owing to a small amount of foreign material (insoluble 
esidue) in this sample 
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an the value (1 per cent) obtained by Tritton and Hanson who 
nalyzed a sample which had been in contact with liquid iron but con- 
tained about 3 per cent of magnesia and some silica absorbed from 
he crucible. There is obviously some doubt as to the true conditions 
ut we have used our own data (2.20 per cent ©) in plotting the 
point C of Fig. 2, which therefore represents an oxide melt very 
closely approximating the composition of pure FeQ. 

We have considerable confidence in the method used for extract 
ing free iron from the oxide (Groebler and Oberhoffer, 11) and be 
ieve that the true oxygen concentration of point M, obtained by 
calculating the percentage of oxygen in the material remaining after 
removing the free iron, is very close to 23 per cent, viz., perceptibly 
vreater than the oxygen content of pure FeO (22.27). This indi 
cates that the interpretation of the reaction at 1370 degrees Cent. by 
Benedicks and Lofquist is correct, viz., that the line HIM of Fig. 1 
is a peritectic horizontal. The revised data are plotted in Fig. 2 
where is appears that this reaction between liquid of concentration 
\l and solid of concentration H must result in a solid of concentra- 
tion [, 22.5 per cent O, which closely approximates the composition of 
pure FeO. The solid solubility data of Schenck and his collaborators 

lo) (curve IQ) were used in provisionally locating the point I. 


lt was expected that microscopic examination of the rapidly 


cooled sample No. 1 (described on p. 73) after high temperature 


annealing in vacuum would show signs of a reaction between the 
oxide solution and the precipitated iron but the original structure 
persisted after annealing 30 minutes at 1200 degrees Cent. and it 
could not be concluded that any of the finely divided precipitated iron 
shown in Fig. 5) had dissolved. It is of course possible that the 
peritectic reaction occurred during the rapid cooling of the specimen, 
in which case, the analytical procedure (p. 72) used to determine point 
M would be incorrect and the value obtained would in reality re- 
ler'to point I. In any event, these two points must lie very close 

together and their exact location will inevitably be difficult. 
On the basis of these results the dotted line CM of Benedicks 
and Lofquist’s diagram (Fig. 1) has been replaced by a definitive line 

(M in the modified diagram (Fig. 2). 

: Forms 3 Senedicks and Lofquist’s diagram between M and R, the freez- 
nae 31 { ing point of the magnetic oxide, is mainly hypothetical, based solely 
on the qualitative observation of a eutectic structure in certain mix- 
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tures of rather indefinite composition in this general region. Wyckof 
and Crittenden (13) reported that microscopic examination of a 
preparation showing by analysis 3.34 per cent free iron, 40.49 pe 
cent ferrous iron and 31.41 per cent ferric iron, although perhaps 
containing much less ferric iron than this, revealed “large crystals 
of ferro ferric oxide embedded in a fine grained eutectic mixture oj 
magnetite and another phase which is presumably ferrous oxide.” 
The examination was made on a polished section heated to dull red 
ness. ‘‘Magnetite is unchanged by this treatment but the surface of 
the FeO grains becomes matte.” No photomicrograph was published 
Assuming the analysis to be correct in the face of the skepticism of 
the authors, and neglecting the presence of free iron, a mixture oj 
FeO and Fe,O, containing about 25.8 per cent oxygen, this represent 
ing about 32 per cent of FeO, is therefore located on the Fe,O. 
side of the hypothetical eutectic. 

Oberhoffer and d’Huart (14) have published micrographs (low 
and high magnification) showing an eutectic network of incomplete; 
identified oxides accompanied by iron in a sample of oxide melted 
in an iron crucible but not analyzed. A light colored primary con- 
stituent, present in excess, is presumed to be a solid solution based 
upon Fe,O, and the eutectic is composed of this light constituent 
associated with a much greater amount, perhaps 85 to 90 per cent, of 
a dark constituent, presumed to be a solid solution based upon FeO. 

A cooling curve of another sample of oxide (prepared by burn 
ing iron in air) taken with a bare thermocouple in a platinum cruci- 
ble gave a definite arrest at 1450 degrees Cent. (presumably the 
primary freezing point) followed by inflections at 1200 and 1020 
degrees Cent. The 1200-degree point was provisionally selected by 
Benedicks and Lofquist as the eutectic temperature. In evaluating 
these piecemeal data, it must be observed that the solid solubility at 
the left hand extremity of the eutectic point N has been shown by 
Schenck and co-workers (15, 16) to be much more extensive than 
is indicated in Fig. 1. Their data which are reproduced in Table 
[ (c) give equilibrium concentrations at temperatures up to 1100 
degrees Cent., i.e., reasonably close to the eutectic temperature in 
question, and at this point the saturation concentration of the ferric 
oxide in ferrous oxide is reported as 24.78 per cent oxygen. The 
same authors, in agreement with Wyckoff and Crittenden (13) find 
no solid solubility of ferrous oxide in ferric oxide. Others, notably 
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‘roebler and Oberhoffer (11) report a small solubility obviously less 


‘than 4.6 per cent (corresponding to about 27.4 per cent QO) at 800 


legrees Cent. in this region. A hypothetical eutectic located at 25.2 
er cent O with its structural components at 24.8 and 27.4 per cent O, 
espectively, would contain approximately 85 per cent of the former 


ferrous phase). This represents about the best interpretation that 


can be put upon the available data. 


In order to more completely explore this portion of the diagram 
. number of mixtures, Table I (d), were prepared by melting to- 
vether in vacuum in a platinum crucible various proportions of (1) 
an oxide previously prepared by burning iron in oxygen and com- 


paratively high in ferrous oxide (23.2 per cent O) and (2) another 


high in magnetic oxide (25.7 per cent ©) obtained by igniting the 
former in air at 800 degrees Cent. 

In each of these experiments, about 35 grams of material was 
used. Cooling curves were taken with an unprotected platinum, 
platinum-rhodium couple after calibration with pure silver and cop- 
per. When the temperature had fallen to about 900 degrees Cent. 
air was let into the heating chamber and the crucible and contents 
were promptly removed and quenched in water. 

The reguli, which could be removed without difficulty from the 
platinum crucible after quenching, were mounted in tin and sawed 
in two longitudinally so as to provide one specimen for microscopic 
examination and a liberal quantity for analysis. 

It was considered adequate in this part of the work to obtain the 
oxygen content by difference after a simple determination of total 
iron. Samples for analysis were prepared from the quenched mate- 
rial in the customary manner by grinding in an agate mortar. Not 
more than a trace of free iron (.015 to .022 per cent) could be found 
in the pulverized material thus proving that the severe mechanical 
disturbance of fine grinding had no marked tendency to initiate the 
normal eutectoid transformation in this supercooled solid solution. 

The first of these preparations in which two parts of (2) and 
one part of (1) were used, was found to consist principally of 
eutectic with a small quantity of primary constituent lighter in color 
and more resistant to acid attack than the predominant constituent of 
the eutectic. The latter is therefore the ferrous solid solution, here 
associated with the magnetic oxide both as a constituent of the 


eutectic and as a primary structure element 
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A micrometric determination of the relative areas occupied }\ 





primary constituent and eutectic was made by preparing several “yy | 
micrographs at low magnification, printed through a cover plate : 


bearing an image of coordinate paper, and counting the number of 





squares occupied by each constituent. One of these micrographs is 
shown in Fig. 6. The black spots represent cavities which could not 


be avoided in preparing the section on account of brittleness. In 


: ‘ ; 5 0 
the absence of contrary evidence it was assumed that both constit- 4 ye 
uents were broken away indiscriminately in these regions and _ the a es 
. - ” F ’ . 7 . fy 
areas in question were accordingly subtracted in making the micro + 
BW oe # 
metric determination. 4 < 
A summary of this determination follows: # 
4 
Micrograph No Per Cent Eutectic <. 
l 88.2 a 
2 87.9 
3 85.8 
4 85.9 J 
Average 86.9 q 
\ssuming the oxygen content of the primary constituent to be q 


27 4,° the eutectic in the above sample, which contains 25.3 per cent 
of oxygen and shows 86.9 per cent of eutectic by area measure- 
ments, would have to contain approximately 25.0 per cent of oxygen 
if no account were taken of the densities of the two solid solutions. 
However, the densities of these two constituents® are so nearly 
alike that a correction of this sort merely increases the above figure 
in the second place beyond the decimal point. Moreover, if the pri- 
mary constituent is assumed to be pure Fe,O, the changes are 
mutually corrective and the figure remains at 25.0 per cent of oxygen. 
It is, of course, possible to calculate the composition of the ferrous 
constituent of the eutectic by using the above value for the oxygen 
content of the eutectic in connection with the probable value 27.4, 
or perhaps 27.6, for the oxygen content of the ferric constituent, and 
the proportions of the two constituents as obtained from area meas- 
urements properly corrected to give the proportion by weight. 
Thus, the proportions of ferrous and ferric constituents in the 
eutectic of Fig. 7 were found to be 80.1 and 19.9 by volume, or 82.2 
°Cf. p. 76. 
" 6Wyckoff in the International Critical Tables, Vol. 1, p. 342 gives 5.99 and 5.21 ior the 
densities of FeO and FesQ,4, respectively, but Wyckoff and Crittenden (13) find the length 


of the edge of the unit cube of FeO increased by about 0.3 to 0.4 per cent in a preparation 
containing considerable Fes,O, 
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and 17.8 respectively by weight. If the oxygen content of the ferri 
constituent is taken to be 27.4 per cent and that of the eutectic, 25.0 
as determined above, the ferrous constituent must contain 24.5 per 
cent of oxygen, which is 0.3 less than the value given by Schenck 
for 1100 degrees Cent. Assuming the ferric constituent to be pure 
Fe,O, (27.64 per cent O) as believed by Schenck and others,* the 
oxygen content of the ferrous constituent decreases still further, t 
approximately 24.4 per cent. 

Further evidence bearing on this point is available from the 
thermal data given by the other mixtures prepared during the course 
of this investigation and reported in Table I (d). Thus, a mixture 
containing 24.6 per cent of oxygen (No. 3) contained a large pro 
portion of eutectic which could not be absorbed by annealing in 
vacuum at 1100 degrees Cent. Primary ferrous constituent and 
eutectic are seen in the micrograph (Fig. 8) of a mixture containing 
24.4 per cent of oxygen (No. 4). The next preparation in order, 
No. 2, containing 25.3 per cent of oxygen, lies on the other side of the 
eutectic concentration and was used for the micrometric determina 
tions (Cf. Figs. 6 and 7) previously described. Preparation No. | 
(Fig. 9) shows a larger proportion of primary Fe,O,. Certain por- 
tions of the eutectic closely surrounded by the primary constituent 
in this specimen show very clearly (Fig. 10) the tendency of the 
latter to divorce the small particles of similar composition from th« 
matrix of ferrous solution. 

The other two preparations listed in Table I (d), viz., Nos. 5 
and 6 are composed entirely of ferrous solution. Due to their 
normally homogeneous structure it is easily possible to observe in 
them the superficial effect of oxidation which occurs at the exposed 
surface when air is introduced at a cherry red heat just prior to 
quenching. As represented in Fig. 11, this results in a narrow zone 
of magnetic oxide at the surface followed by a zone of mixed fer- 
rous and ferric constituents which merges gradually into the main 
mass of ferrous constituent. 

The faulty adjustment between our results and those of Schenck 
is clearly shown in Fig. 2 where all of the available data have been 
plotted for comparison and study. 

The magnetic oxide, Fe,O,, melting point 1527 degrees Cent., 
according to Hilpert and Kohlmeyer (17) may be taken as the 
natural end point at the right in this part of the diagram and in con- 
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‘ormity with the results of X-ray studies by Wyckoff and Crittenden 
13) oval by Groebler and ¢ Yberhoffer (11) the practical absence of 
olid solubility on the Fe,O, side’ is indicated by a dotted curve lying 

close to the Fe,O, vertical at 27.6 per cent O. 

The solid solution field I[PLOQOI of Benedicks and Lofquist’s 
diagram is considerably enlarged in Fig. 2 on the basis of data on 
dies so-called stable system communicated by Schenck, Dingman, 


Mirscht and Wesselkock (16) and reproduced in Table | (c). In 


this most recent work of Schenck and his collaborators, following a 
critical discussion by Benedicks and Lofquist (18) of the errors in 
herent in the experimental determination of phase boundaries cor- 
responding to significant changes in vapor pressure (“Abbau” 
curves), the earlier results are revised and brought into more trust- 
vorthy form. 

The most important changes from the earlier data, however, re- 
late to the concentration of oxygen in the iron phase which is in 
equilibrium with a corresponding oxide phase of the solid solution 
field defined above. The unusually high concentration of this phase 
as determined from considerations of gas equilibria by the earlier 1n- 
vestigators, Matsubara (19), Eastman and Evans (20) and confirmed 
by Schenck and Dingman (15) could not be reconciled with the 
metallographic results of Tritton and Hanson (2) and gave rise to 
the well considered criticism of Benedicks and Lofquist, in support 
of the view that iron can hold only a fraction of a per cent of oxygen 
in solid solution instead of several per cent as indicated by the 
changing gas concentration in this region. 

More effective measures towards the attainment of true equilib- 
rium in this recent work from Schenck’s laboratory has reduced the 
apparent saturation concentration of oxygen in iron at 800 and 1000 
degrees Cent. to the value given in Table I (c) and further attempts 
in this same direction by Krings and Kempkens (8) have lowered 
this value still further, viz., to approximately 0.1 per cent oxygen at 
SOO degrees Cent. 

Other observations relative to the solubility of oxygen in iron 
have been made by A. Wimmer (21) who gives microscopic evidence 
of the presence of oxide in a carefully analyzed heat of ‘‘Fltsseisen” 
forged at 950 degrees Cent. containing 0.035 per cent oxygen. Many 

‘Wyckofi and Crittenden find no change in the lattice parameter of FegO4 due to solu 
tion of FeO while Groebler and Oberhoffer do find evidence of such a change, but conclude 


that the solubility cannot be greater than per cent in a preparation brought to equilib 
rium at 800 degrees Cent 
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observations bearing indirectly on the solubility of oxygen in iron 
might be cited but nothing of precise significance has yet been dis 
covered concerning the trend of the saturation curve with tempera ‘ 
ture, particularly in relation to the transformation points of iron. jf 
In this connection Benedicks and Lofquist have rejected possi 
bilities put forward by Schonert (22) and by Oberhotfer (23) in 
favor of the interpretation reproduced in our own Fig. 2 according 
to which the solubility of oxygen in gamma iron is greater than the 
solubility in delta or alpha, respectively, the last two possessing the 
same lattice structure, at the transformation temperature, 1.e., oxygen 
lowers the temperature at which gamma transforms to alpha, re 
garded by Benedicks and Lofquist as extremely probable,* and by 
analogy raises the temperature at which gamma transtorms to delta. 
Schenck and Dingman (15) by a method of graphical extrapola- 


tion based upon their own experimental data locate the eutectoid 





point © at 24 per cent oxygen and 560 degrees Cent. Others, nota- 


q ie 
bly Eastman (27), Eastman and Evans (20), and Chaudron (28) ‘ 
have studied the equilibria of the reactions : 
(FeO + H: = Fe + H.O 
)Fe;,O. + H 3FeO + H-O 
\ keO CO Fe + CO 
| FeO, + CO 3FeO +CO 
at different temperatures and by plotting the experimentally deter 
mined equilibrium constants of one or the other pair in relation to ; 
the temperature have found points of intersection corresponding to 
coexistence of Fe, FeO and Fe,O,, and therefore to the present 
eutectoid inversion, at temperatures varying from 560 to 580 degrees 
Cent. The general agreement of all these results is good and the 
values 24 per cent oxygen and 3/70 degrees Cent. are therefore used 
for the point © in our Fig. 2. 
In order to determine the structural condition of the oxide 
globules in iron and of the accompanying massive oxide phase as 
affected by prolonged heat treatment above and below the eutectoid 
point, the specimen used in locating point M (No. 1 described o1 
p. 73) was (a) annealed 40 hours in an evacuated glass tube at : 
550 degrees Cent. and (b) annealed 16 hours under similar condi- 3 
tions at 650 degrees Cent. 4 : 


Typical microstructures are shown in Figs. 12, 13, and 14. The 


Ci in this nectiot \ustiu (24 Reed (25 ned Humftrey (¢ 
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Fig. 11—Photomicrograph Showing Structural Effect of Superficial Oxidation During 


condi- 3 Cooling of FeO-Fe,;0, Mixtures. Surface of No. 5 Containing 23.9 Per Cent O. |X 500. 

Fig. 12—Iron Precipitated by Annealing at 550 Degrees Cent. in Oxide Containing 25.4 

Per Cent O. Previously Quenched Immediately After Solidification. Unetched. XX 500. 

4 The / Fig, 13—Envelopment of Iron Particles by Magnetic Oxide FesO4 aiter Low Temperature 
; I 4 Annealing. Etched With 1 Per Cent HCl in Alcohol. < 750. Fig. 14—Structural 


Change in the Oxide Inclusions of Pure Iron After Annealing Below the Eutectoid Trans 
rmation Point «x 1500 
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low temperature treament has caused separation of the iron soli 
solution in the form of small particles and threads or narrow bands 
as seen in Fig. 12 unetched. On etching with a dilute solution of 
| per cent of HCl in alcohol it is seen, Fig. 13, that the precipitated 
iron is always enveloped by a structurally clear light colored oxic 
phase, undoubtedly Fe,O,. It would appear that the iron corre 
sponding to decreasing solubility with the temperature along curvy 
[© separates first from the supercooled solution and then serves as 
a nucleus for the completion of the transformation. It seems likel 
that the transformation has occurred in the rest of the material with 
out visible structural separation of the products, this part of the mate 
rial therefore consisting essentially of magnetic oxide but with about 
10 per cent (according to the diagram) of finely divided iron dissemi 
nated through it. It will be recalled that etching was required to bring 
out a difference between this and the material bordering the iron. 

Not only the precipitated iron but also the iron present in mas 
sive form serves as a nucleus in facilitating the transformation, as 
may be seen in the case of the large enveloped iron particles of Fig 
13 or indeed the oxide globules of Fig. 14. The latter are the normal 
oxide inclusions in iron which after slow cooling are quite structure 
less in pure iron except for specks of free iron occasionally visible 
in their interior where coalescence with the surrounding massive iron 
has been avoided. 

The effect of the present heat treatment below the transforma 
tion temperature has been to produce a border of structurally fre 
magnetic oxide next to the iron, leaving an uncoagulated or possi- 
bly untransformed mixture in the interior. One of these globules, 
shown in Fig. 14, exhibits the usual border and in addition an inter- 
ior border around a small speck of structurally free iron. Similai 
conditions were frequently observed. 

When a specimen in which the above structures have been de- 
veloped is reannealed at a temperature above the transformation 
point (treatment b on p. 82) the borders disappear and the finel 
divided precipitated iron dissolves completely. 

We found this process completely reversible and observed the 
typical structures described above in samples of oxide melted in iron 
crucibles either in air or in vacuum.’ 


*Chaudron (28) has also observed lamellae of precipitated iron in a sample of ferrous 
oxide annealed one week at 500 degrees Cent., and also their subsequent disappearance 01 
annealing at 800 degrees Cent. The product of the low temperature anneal was strongl) 
ferro magnetic and “‘gave a deposit of metal in a solution of copper sulphate.”’ 
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Between Fe,O, and Fe,O, the oxygen pressure rises sufficiently 






to materially change the composition of mixtures selected for thermal 






analysis during the ordinary process of melting and _ solidification 






under the normal oxygen pressure of the atmosphere. Nevertheless, 






iKohlmeyer (29) has utilized complicated data from cooling curves ot 





this character in constructing a constitutional diagram from which it 






mav be argued that several compounds containing higher ratios ot 





He.O. to FeO than the 1:1 ratio in Fe,O,, form peritectically at 






various significant temperatures. 






In direct contradiction to this, Sosman and Hostetter (7) have 






observed a continuous change in the oxygen pressure with the com 






position of mixtures in this range indicating a continuous series ot 






solid solutions at 1100 and 1200 degrees Cent. Benedicks and Lof 






quist in presenting their diagram disregard the former and reject the 





latter on the basis that Fe,O, and Fe,O, are unlike in crystal struc : 






ture and must show a concentration interval of heterogeneous struc 






tures. They accept the temperature, 1565 degrees Cent., at which, 






according to Hilpert and Kohlmeyer (17), Fe.O, powder melts and 





partially decomposes when rapidly heated, as a decomposition point 





(equilibrium between O, gas at 160 millimeters pressure, liquid 






solution and Fe,O, (Fe) solid solution), and provisionally assume 






a peritectic relationship between Fe,O, and Fe,O, at a lower tem- 





perature. The solid solubility between Fe,O, and Fe.O, is assumed 






to be considerable at the peritectic reaction temperature and virtu 






ally absent at very low temperatures. 






In the absence of more definitive data we have adhered com 





pletely to this interpretation in constructing the liquidus and solidus 






curves in this portion of Fig. 2. The data on solid solubility in the 
neighborhood of 1200 degrees Cent. given by Ruer and Nakamoto 
(6) (see Table I e) have been used to define the curves V'Z and 
XY (the latter practically coincident with the vertical at Fe,O, in 










this region). 
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METALLIC 





ANALYTICAL PROCEDURES FOR DETERMINING 
FERROUS OXIDE AND FERRIC OXIDE IN MATERIALS PREPARED 


DURING THE COURSE OF THIS INVESTIGATION 











Metallic iron was determined by the Wilner-Merck method as 
outlined in Treadwell Hall, 5th Edition (1919), p. 611, and recently 
recommended by Groebler and Oberhoffer (11). In our own work, 
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flasks calibrated for 135 cubic centimeters capacity at 14.5 degrees 
Cent. were used, from which volume 50 cubic centimeters aliquot 
parts were pipetted. Precautions were taken to have the contents of 
the flask cooled to 14.5 degrees Cent., after digestion of the sampl 
with mercuric chloride, diluted with water at 14.5 degrees Cent, 
and the filtrate from which aliquot parts were finally taken brought 
to the same temperature. ‘Titration of the aliquot portion after 
dilution, acidification and addition of phosphoric acid—sulphuric acid 
solution, was made with a standard potassium permanganate solution 
of strength 0.95 grams KMnQ, per litre. This solution was stand 
ardized against iron wire of “analyzed grade.” 

The determination of total ferrous iron was carried out on a 
separate sample from which the metallic iron had not been removed 
lt was considered preferable to analyze the oxides in this manner, 
notwithstanding the possible reduction of some ferric chloride by 
hydrogen generated during solution of the metallic iron. In this 
way, the possibility of oxidizing iron in the supercooled ferrous 
oxide, during removal of free iron, was avoided. 

\ possible complication was introduced due to the fact that all 
oxide samples had been quenched in water and allowed to dry nat 
urally in the air. Drying at 110 to 120 degrees Cent. prior to weigh 
ing was not considered advisable because of possible oxidation of the 
high ferrous oxide mixtures. However, no considerable amount of 
moisture could have been present, since no great difficulty was ex 
perienced with blinding of the extremely fine screen employed during 
the preparation of the sample. 

The well known Zimmerman-Keinhardt method was used in the 
determination of total ferrous iron. Determinations were carried out 
on 0.5 gram portions in 300-cubic centimeter Erlenmeyer flasks 
The oxide was weighed into the flasks, one gram of C.P. sodium 
carbonate crystals was added and then 25 cubic centimeters of 1:1 
HCl. The flasks were stoppered with a one-hole rubber stopper. 
through which passed an inverted capillary U-tube, the outer end of 
which was inserted in a test tube containing a saturated solution of 
C.P. sodium carbonate. This strength and quantity of acid appeared 
to be suitable, as solution of the oxide was fairly rapid and the con- 
centration of HCl in the final solution was not too high for accurate 


titration. When solution was complete, the flask and contents were 


cooled to tap water temperature, transferred to a 600-cubic centimetet 
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‘ker, diluted to 500 cubic centimeters, 10 cubic centimeters of 


Guard solution” added, and titrated. ‘The titration was effected 


wily, using a potassium permanganate solution containing 4+ grams 


litre. Standardization of this solution was made against an 
mount of iron wire of previously mentioned grade, approximately 
quivalent to the amount of oxide to be used in the subsequent de 
ermination. The standard was dissolved and treated in the same 
manner and at the same time as the unknown. The conditions of 
oncentration of acid and “Guard solution” were approximately the 
same in all determinations. 

Ferric iron was obtained by difference atter determining: total 
iron according to the above method following reduction of all the 
‘ron with stannous chloride. ‘This determination was made on 1 
eram of material, which was transferred to a 600-cubic centimeter 
beaker, covered with 25 cubic centimeters of 1:1 HCl, and gently 
heated. The reduced ferrous chloride solution was titrated with the 
potassium permanganate solution used in the determination of fer 
rous iron. Standardization was by means of iron wire treated in the 


same manner as the unknown. 
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DENDRITES IN NICKEL STEEL 





By ALBERT SAUVEUR AND E. L. REED 


Abstract 


[he paper deals with the action of nickel in promoting 
persistent dendritic segregation. The dendritic pattern 1s 
intensified rather than diminished by long annealing. 
Quenching in iced brine likewise fails to erase it. In nickel 
steels which are martensitic after air cooling, but which be- 
come pearlitic after long annealing the axes of the dend- 
rites are pearlitic, while the fillings remain martensitic. 






OME alloys of iron and nickel and of iron, carbon and _ nickel 
S were prepared by melting Armco iron in an Arsem vacuum 
furnace with the desired amounts of carbon and nickel. The melts 
were usually held at a temperature of 2200 degrees Fahr. (1205 de 
crees Cent.) for ten minutes and cooled with the furnace by turning 
off the power in increments of one kilowatt every 3% minutes. In 
30 minutes the ingots were cooled to a black heat, which was con 
sidered a rapid rate of solidification. When lack of homogeneity was 
suspected, the ingot was remelted under like conditions. 

For the purpose of thorough annealing, the samples were heated 
and cooled in a gas furnace’ effectively insulated by brick work and 
asbestos in which they were held for one hour at 1000 degrees Cent. 
Cooling in this furnace from 1830 to 122 degrees Fahr. (1000 to 50 
degrees Cent.) required 60 hours. Decarburizing and oxidizing were 
prevented by placing the samples in steel tubes with cast iron chips. 
An alloy containing 0.04 per cent carbon and 9.79 per cent nickel 
exhibited in the cast and annealed condition the dendritic structure 
shown in Fig. 1, from which it is inferred that nickel causes dendritic 
segregation. The fillings of the dendrites are richer in nickel than 
the axes which permits selective action of the etching reagent. 


1This furnace is described in E. L. Reed’s paper on ‘Influence of Special Elements on 
the Iron Carbon-Eutectoid Composition,’’ presented at this meeting. 


A paper presented before the Thirteenth Annual Convention of the society, 
Boston, September 21 to 25, 1931. Of the authors who are members of the 
society, Dr. Albert Sauveur is Gordon McKay Professor of Metallurgy and 
Metallography at Harvard University, Cambridge, Mass., and Dr. E. L. Reed 
is research metallurgist with the American Sheet and Tin Plate Company at 
Pittsburgh. Manuscript received May 13, 1931. 
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Fig. 1—Alloy Containing 0.04 Per Cent Carbon, 9.7! Cent Nickel in the As Cast 
ondition and Annealed. X 2.5 
Fig. 2—Allov Containing 0.45 Per Cent Carbon, 9.7 Nickel, As Cast 
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Fig. 5—Photomicrograph of Alloy Shown in Fig. 4. »% 1000. This Photomicrograp! 
Shows Portions of Pearlitic Axes and Martensitic Fillings. 


An alloy which happened to have exactly the same amount of 
nickel, namely 9.79 per cent but which contained 0.45 per cent carbon 
exhibited in the cast condition the dendritic patterns shown in Fig 
2 and after drastic annealing the macrostructure of Fig. 3. It will be 
noted that annealing instead of effacing or minimizing dendritic seg 
regation has, if anything, intensified it. This action of annealing has 
been repeatedly observed not only in nickel steel, but in a number of 
other alloy steels. The same sample after slight repolishing was 
heated to 1000 degrees Cent. (1830 degrees Fahr.) and quenched in 
iced brine. Its unaltered dendritic structure is shown in Fig. 4, an 





impressive evidence of the persistence of dendritic segregation. Closer 
examination reveals the interesting fact that in the drastically an- 
nealed sample the axes of the dendrites are pearlitic, while the fillings 
are martensitic. This is to be ascribed to the segregation of both car- 
bon and nickel in the fillings which thereby became air hardening, 
while the axes transformed into pearlite. In Fig. 5 is shown under 
a magnification of 1000 diameters part of an axis and adjoining part 
of fillings, the former pearlitic, the latter martensitic. It follows 
from these considerations that on slow cooling the axes of the den- 
drites should transform at the usual critical temperature for nickel 
steel of this character (650 degrees Cent. +) thereby becoming 
pearlitic, while the transformation of the fillings should be delayed 
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Containing 0.03 Per Cent Carbon, 13.56 Per Cent Nickel. -. 
Fig. 11—Same Alloy as Fig. 10, As Cast and Annealed. 2.5. 
Fig. 12—-Alloy Containing 1.06 Per Cent Carbon, 0.08’Per Cent Manganese. 0.004 Pe 
Cent Phosphorus, 0.003 Per Cent Sulphur. and 0.017 Per Cent Silicon, As Cast a 


until a temperature of some 300 degrees Cent. is reached when mat 
tensite is formed. Thermal-critical curves, therefore, should exhibit 
these two critical points and we believe that we have obtained evi 
dence in support of this view. 

An alloy containing 0.07 per cent carbon and 13.48 per cent 


nickel exhibited as cast the dendritic structure reproduced in Fig. ‘ 
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DISCUSSION—VDENDRITES IN NICKEL STEEI 


od. after annealing, the structure of Fig. 7. 


The dendrites are now 
more sharply outlined. 


With 0.05 per cent carbon and 15.03 per cent nickel the den 
lrites were again sharpened by long annealing (Figs. 8 and 9). The 
same phenomenon is observed in Figs. 10 and 11 of an alloy con 


‘taining 0.03 per cent carbon and 13.56 per cent nickel. 


Rt RS 
yt? . 


Many other alloys of iron, carbon and nickel were studied with 
similar results. 


Wiss 


It may suffice for our present purpose to offer a few 
‘onelusions which appear to be justified. 


CONCLUSIONS 


be 
Tee 


A 


S 
Jf 


Nickel is capable of producing intense and persistent dendritic 
segregation. The addition of carbon probably increases that tend 
Drastic annealing not only fails to efface the dendritic structure 
but actually intensifies it. 


ency. 


Quenching from 1000 degrees Cent. in 
iced brine leaves the dendritic segregation unchanged. In steels which 
hecome pearlitic after drastic annealing the axes of the dendrites 
consist of pearlite, while the fillings are martensitic. In steels which 
remain martensitic even after long annealin 


g, it is difficult and some 
times impossible to bring out a dendritic pattern, at least with the 
reagents used. 


APPENDIX 


It is generally held, we believe, that in straight carbon steel, 
phosphorus is chiefly responsible for dendritic segregation. That 
this action of phosphorus is indeed very marked cannot be denied. 
Pronounced dendritic segregation, however, may exist when the 
amount of phosphorus present is negligible as can be seen from Fig. 


12 showing the macrostructure of an iron-carbon alloy containing 


1.06 per cent carbon, 0.08 per cent manganese, 0.004 per cent phos- 
7 phorus, 0.003 per cent sulphur, and 0.17 per cent silicon. 
As Cast 4 


The den 
dritic pattern must here be ascribed chiefly to the segregation of 


ona ws 3 carbon in the fillings. 
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DISCUSSION 

Written Discussion: By H. S. Rawdon, U. 5S. Bureau of Standards 
This interesting note with its excellent photomicrographs serves admirably) 
emphasize what has been known in a general way for some time concerning 

€ pronounced tendency toward the formation of dendrites in nickel steels, and 
canal j = persistence after annealing and working. 


This marked tendency is also 
: bserved in other nickel alloys. 
is. 6 
g. 


Even after such an alloy has been reheated 
id severely mechanically worked by forging so that an entirely new crystal 
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structure has resulted, marked evidence of the pre-existing dendritic conditio: 
often still persists. This is illustrated in the accompanying photomicrograph 
which shows the structure of hot-worked monel metal. It is noteworthy that 
the crystal structure resulting upon heating and mechanically working is ay 
parently independent of the dendritic condition. The grain boundaries of tl 


{ 
crystals of the annealed structure cut across the “work lines” which are th: 
remnants of the pre-existing dendrites. 

The question may well be asked whether this marked pre-existence oj 
the dendritic condition has any practical significance. Is forged nickel steel, { 
example, better or worse because of it? If one were to venture an opinion it 
would be that the impact resistance of notched longitudinal specimens might 


well be expected to be improved 








as a result of this condition. 





rw me ee Ae Ra Br, 
ene iar yr whereas the result would tend 
to be of the opposite nature 
when properties of the material 
were measured transversely. 

V. N. Krivosox: In regard 
to Dr. Sauveur’s paper, may | 
say this—since the speaker is 
very much interested in den- 
drites, permit me to say that 
our knowledge of the dendritic 
structure is very superficial. The 

Microstructure of Hot Forged Monel Metal remarks of Mr. Rawdon were 
Etched with Concentrated Nitric Acid. X 100. . ‘ " 

quite to the point. We do not 

know yet whether dendrites are detrimental or not, and wish that somebody 
would take up that work again. 


Reply by Albert Sauveur 


\s Mr. Rawdon rightly remarks, it has been known in a general way to1 
some time that nickel steel shows a tendency to pronounced dendritic segrega 
tion. It was not so well known, however, that this segregation is so persistent 
that drastic annealing fails to efface it. Indeed, it actually intensifies it. 

I do not agree with Dr. Krivobok’s opinion that our knowledge of the 
dendritic structure is very superficial. I wish we knew as much about many 
characteristics of steel as we do about its dendritic structure. That many have 
but a superficial knowledge of the subject, however, is undoubtedly true. | 
also differ with Dr. Krivobok when he states that it is not known whether 
dendrites are detrimental or not. A dendritic pattern implies dendritic segre- 
gation which, in turn, on forging, results in bands and directional properties, 
features which certainly must be considered detrimental. Of course, it does 
not follow that of two steels the one exhibiting the more marked dendritic struc- 
ture is necessarily of relatively inferior quality. Many other factors affect the 
quality of the metal. If dendritic segregation, banding and directional prop- 
erties could be eliminated the valuable properties of steel would be enhanced 
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ENDURANCE PROPERTIES OF SOME WELL-KNOWN 
STEELS IN STEAM 
























By T. S. FULLER 









Abstract 







The endurance properties of nickel steel, a non-cor- 
rodible chrome-iron alloy, several nitriding steels, and an 
austenitic steel of the 18 per cent chromium-S per cent 
nickel type have been determined in air and in steam under 
various conditions of temperature and pressure. 

In the absence of appreciable quantities of liquid water 
and oxygen the endurance properties of high strength 
nickel steel and non-corrodible chrome-iron alloy are not 
adversely affected by steam atmospheres up to and in- 
cluding pressures of 220 pounds and temperatures of 371 
degrees Cent. (700 degrees Fahr.). 

In the presence of liquid water and oxygen the en 
function of the imitial tensile 

















durance values are not a - 
properties of the material. 

The ratio of the air-room temperature endurance limit 
to ultimate strength is higher in the case of the nitrided 
nitriding steels than in that of any of the others tested. 










HE initial experiments of this investigation to determine the 





combined effects of steam and temperature on the endurance 





properties of certain steels have been described elsewhere by the pres- 





ent author.t The testing machines were designed by C. E. Weaver,’ 


and are a modification of the White-Souther and McAdam types. 






Each is driven directly by an individual one-half horse power, 115- 





volt direct-current motor, running at a speed of 2200 revolutions 






per minute. The temperature was measured by a mercury ther- 






Endurance limits have 
10°, and tn 


mometer, and the pressure by a steam gage. 







been determined in some instances on the basis of 10 






\ 


others on the basis of 50 10° cycles. 















IT. S. Fuller, Transactions, American Institute of Mining and Metallurgical Engineers, 
lron and Steel Division, 1930, pp. 280-292. 









Manager’s Office, General Electric Co., Schenectady, N. Y. 






A paper presented before the Thirteenth Annual Convention of the society 
n Boston, September 21 to 25, 1931. The author, T. S. Fuller, is a member of 
the society and is associated with the research laboratories of the General 
lectric Co., Schenectady, N. Y. Manuscript received May 16, 1931. 
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MATERIALS TESTED 


Kssentially of a fundamental nature, it was found necessary, i 
order to make the investigation comprehensive, to test materials 
treated to give a wide range of properties. The work reported deal; 
with tests made on nickel steel, a non-corrodible chrome-iron alloy. 
two nitriding steels, and one of the 18 chromium-8& nickel type. 

The materials were received in the form of bars one inch in 
diameter and about twelve feet long. Two tensile specimens wer 
taken, one from one end and one from the center of each bar, the 
remainder being cut into 9 3/16 inch lengths for endurance speci- 
mens. All specimens were stamped with a letter indicating the ma- 
terial, with a number indicating the bar, and with another letter 
indicating the position of the specimen in the bar. After heat treat- 
ment the specimens were carefully machined, special precautions being 
taken to remove the metal from the reduced section a little at a time 
in light cuts to avoid disturbing the structure underneath the surface. 
The final finishing on the reduced section was done with a Norton 
grinder, which was provided with two formed wheels to produce the 
exact contour of the specimen. The wheel performing the rough 
finishing operation was known as No. 60K Crystollon, and the one 
employed for the final finish was 400-grain Grade 2 Crystollon shellac 
wheel, both being furnished by the Norton Co. A lubricant, also 
made by the same company, known as “economy grinding lubricant” 
was used. 

A comparison of results obtained with nickel steel specimens 
finished by this method of grinding with those of specimens of the 
same material prepared with 00 emery showed a variation of less 
than 3 per cent, which is less than the experimental error. 


Nickel Steel 


Two series of tests were made on nickel steel of the 3.5 per cent 
nickel 0.35 per cent carbon type, one treated to have low physical 
properties and hereinafter designated nickel steel A, and the other 
treated to have higher properties, hereinafter designated nickel steel 
B. The properties are given in Table I. 


Non-Corrodible Chrome-Iron Alloy 


Three series of tests were made on a non-corrodible chrome-iron 
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Table | 


Physical Properties of Steels Tested 






Charpy 












Yield Prop Elong. Red Values 

Ult. Str point Limit m2 of area Brinell (Keyhole 

Lbs. per Lbs. per Lhs. per pet pet hard Notch) 

Material Sq. In. Sq. En. Sq. In. cent cent ness Ft. Lb. 

Nickel Steel A 105,000  ~—...eee. 63,000 25 29 228 21-22 

Nickel Steel B 119,000 asa w os 97,000 25 67 255 34-36 

Nor corrodible me os be 

Chrome-lron 71,000 pea ewe 33,000 3 74 201 













»3.000 







000 






mn corrodible 
Chrome-Iron 116,000 
Alloy E 
Nitriding 
Steel F 123.000 
Before nitriding 
Nitriding 
Steel F 125,000 
After nitriding 
Nitriding 
Steel G-1 
Not nitrided 
Nitriding 
Steel G-2 [aoe Cl Stee 83,000 19 61 
Not nitrided 
Nitriding 
Steel H 127 
Not nitrided 





80.000 21 66 






+ 





99,000 84,000 21 6: ot 45 







100,000 pee 2 Sn 13 







126,000 68.000 20 60 262 40 










62.000 





000 








alloy containing 12.5 per cent chromium and 0.10 per cent carbon, 





heat treated to have a range of properties, the low property mate- 
rial being designated by the letter C, the intermediate by D, and the 






high property by E. The physical properties are to be found in 


[. 





Table 








Nitriding Steels 





Specimens of three nitriding steels were heat treated before 
machining. Steel F (typical composition C 0.36, Mn 0.51, 
Si — 0.27, Al — 1.23, Cr — 1.49, Mo — 0.18, S — 0.10, P — 0.013) 
was quenched in oil from 930 degrees Cent. (1705 degrees Fahr. ) 
and tempered at 650 degrees Cent. (1208 degrees Fahr.) ; G-1 (C - 

0.18, otherwise composition similar to F) was oil-quenched from 950 
degrees Cent. (1740 degrees Fahr.) and tempered at 650 degrees 
Cent. (1200 degrees Fahr.), and G-2 (composition similar to G-1) 
was quenched in oil from 960 degrees Cent. (1760 degrees Fahr. ) 
and tempered at 625 degrees Cent. (1155 degrees Fahr.). H is a 
nitriding steel supplied by another manufacturer. The physical prop- 
erties after such heat treatments are to be found in Table I. 
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After machining the specimens were nitrided by heating twenty 
four hours at 500 degrees Cent. (930 degrees Fahr.) in amnx 
gas. The physical properties of F after this treatment are giver 
Table I. 

Austenitic Steel 


Three series of specimens of 18 per cent chromium-8 per cent 
nickel alloy were included, each series having a different carbon con- 
tent, and being divided into nine groups, each group having had a 
different thermal treatment. The different series are represented by 
the letters I, J, and L and the thermal treatments by the numerals 
1—9, 


A partial analysis of the three series follows: 


Carbon Chromium Nickel 
Series Per Cent Per Cent Per Cent 
I 0.065 18.77 8.91 
J 0.085 18.47 9.15 
iL 0.15 18.24 8.08 


The thermal treatment of the bars follows: 


(1) Hot-rolled condition. 

(2) Held six hours at 650 degrees Cent. (1200 degrees Fahr.), air-cooled. 
(3) Held 500 hours at 650 degrees Cent. (1200 degrees Fahr.), air-cooled. 
(4) Held one hour at 1066 degrees Cent. (1950 degrees Fahr.), air-cooled. 
(5) Held one hour at 1066 degrees Cent. (1950 degrees Fahr.), air-cooled and 


six hours at 650 degrees Cent. (1200 degrees Fahr.), air-cooled. 
(6) Held one hour at 1066 degrees Cent. (1950 degrees Fahr.), air-cooled and 
500 hours at 650 degrees Cent. (1200 degrees Fahr.), air-cooled. 
(7) Held one hour at 1150 degrees Cent. (2100 degrees Fahr.), water-quenched. 
(8) Held one hour at 1150 degrees Cent. (2100 degrees Fahr.), water-quenched 
and six hours at 650 degrees Cent. (1200 degrees Fahr.), air-cooled. 
(9) Held one hour at 1150 degrees Cent. (2100 degrees Fahr.), water-quenched 
and 500 hours at 650 degrees Cent. (1200 degrees Fahr.), air-cooled. 


SPECIMENS 


The type of specimen shown in a previous report! is arranged 
as a rotating cantilever beam, the reduced section of which is similar 
to McAdam’s* type C specimen described in 1921. The maximum 
stress is in the plane whose diameter is 0.4687 inch, although the 
stress from the bottom of the fillet over a distance of one and one 
half inches therefrom varies only 1% per cent. The end of the speci- 
men that fits into the chuck is ground to conform to a standard No. 
3 Morse taper. 


8D. J. McAdam, Jr., “Endurance of Steel under Repeated Stresses,’’ Chemical and 
Metallurgical Engineering, Vol. 25, 1921, p. 1081. 
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ENDURANCE OF STEELS IN STEAM 


twentvy- i 
_— Metuop or TEs! 
am 
given in é The method followed has been to load the first specimen of a 


ries to be tested under a given set of conditions with a stress calcu 


ted to cause failure in a comparatively short time. The load of 


s cuccessive specimens was then decreased in decrements ot S000 
per cent © pounds per square inch until a stress was found at which the speci- 
“OV , . 6 E 6 . : = p 
bon con- ® mens withstood 10 x 10° or 50 x 10° cycles without fracture. En- 
ig had a lurance limits were determined from this data. ‘Temperature and 
ented by pressure readings were recorded at one-half hour intervals. 
1umerals 
Score or TESTS 
Endurance limits have been determined with the specimens in 
air at room temperature, in air with a jet of wet steam directed at 
the highly stressed section, at a temperature of 77 degrees Cent. 
(170 degrees Fahr.) in an atmosphere of steam and air, and in 
steam at the indicated temperatures and pressures : 
Temperature Pressure in Pounds 
-cooled. 00 degrees Cent. (212 degrees Fahr.) 0) 
-cooled. i49 degrees Cent. (300 degrees Fahr.) 60 
-cooled. 180 degrees Cent. (355 degrees Fahr.) 140 
ooled and 371 degrees Cent. (700 degrees Fahr.) 220 
led. 
o0led ar . . 
— “ lhe oxygen content of the steam was determined, 1 kilogram show 
quenched. ing 0.208 grams of oxygen, which is equivalent to 0.0208 per cent by 


‘quenched 
ir-cooled. 
quenched 
ir-cooled. 


weight. 
The air-room temperature and the air-steam jet tests were made 
in a machine to which no steam box was attached. The latter con- 


LIRA hes). 


dition was particularly severe because of the presence of both liquid 


water and excess oxygen, the two substances necessary to Cause or- 


SREB 


rranged dinary ferrous corrosion. All other tests in steam were carried on in 


. similar machines equipped with steam-tight boxes surrounding the specimens 


iain... 


aximum and the corrosion was not severe. The effect of the corrosion taking 





ugh the place in the 77 degrees Cent. (170 degrees Fahr.) steam-air experi- 


nd one ment was of about the same magnitude as that in the air-steam jet 


le speci- tests. 
ard No. $ ini ; 
Test Data AND RESULTS 
enical end \3 A summary of the physical pre yperties of the materials tested is 


be found in Table I, of the endurance properties in Table II, and 
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Figs. 1 and 2—Endurance Limits for Steel A and B. 


the data from which the endurance limits were determined have beet 
plotted in Figs. 1 to 13. 


Nickel Steel A 


The endurance limit of nickel steel A was found to be 46,00 
pounds per square inch in the atmosphere at room temperature, 23,000 
pounds per square inch when exposed to a jet of steam in the atmos 
phere, 36,000 pounds per square inch in 60 pounds steam at 149 de 
grees Cent. (300 degrees Fahr.) and 35,000 pounds per — inch 
in 220 pounds steam at 371 degrees Cent. (700 degrees Fahr.). The 
damaging effect due to the corrosion caused by the presence of both 
liquid water and oxygen at a somewhat elevated temperature is well 
illustrated by the drop in endurance limit in the steam jet expert 
ment to 50 per cent of its air-room temperature value. 
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CYCLES FOR RUPTURE 


and 4—Endurance Limits for Steel B and Chrome-Iron 


Figs. 3 


Nickel Steel B 
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CYCLES FOR RUPTURE 


and D 


The endurance limit of this material in the air-steam jet test was 


found to be 24,000 pounds per square inch and may be compared 


with 
26,000 
steam plus air experiment in the steam box. 


temperature conditions, and 


tion discloses the tendency of the endurance properties of 


to hold up at least to a temperature of 371 


grees Fahr.). It is further interesting 


to compare 


degrees Cent. 


the 


58,000 pounds per square inch, the value found in the air-room 
pounds per square inch in the 
A very casual examina- 


this steel 
(700 de- 
values of 


23,000 and 24,000 pounds per square inch obtained with steels A 


and B in the steam jet in atmosphere experiment, indicating that in 


cases where the corrosion is severe, the initial tensile properties of 


t 


the material are not of great importance. 


The pre-corroded specimens were heated in the absence of stress 


tor one week in an atmosphere of wet steam and air and then tested 
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Table It 


Air, room temperature 





steam jet in atmospher: 
Steam, 60 Ib. 149° (300°F 
Steam, 220 Ib. 371°C. (700°F 


Air, room temperature 
Steam jet in atmosphere 


Steam + air in box 0 Ib. 76 
Steam, 0 Ib. 100°C. (212°F 
Steam, 60 Ib. 149°C, (300°F 
steam, 140 Ih. 186°¢ (356°] 
Steam, 220 Ib. 371°C (700°F 


Air, room temperatur: 


Steam jet in atmospher: 
Steam, 0 Ib. 100°C. (212° 
Steam, 60 Ib. 149°C, (300°F 


Steam jet in atmosphere 


Steam, 60 Ib. 149°C, (300°F 


Air, room temperature 


oteam, 60 Ib. 149°C. (300 Fr 
Steam, 220 Ib. 371°¢ (700°F, 


Air, room temperature 
Steam jet in atmosphere 
steam tr alr in hox O lh f 
steam, O lh. 100 
steam, 60 Ib. 
steam, 140 Ib. 186 


71 


el 
149 oo (30 
C 
Steam, 220 Ib. 371°C 


Air, room temperature 

Steam jet in atmosphere 
steam, ) Ib. 100 ~. (2292 k 
Steam, 60 Ib. 1 


Air, room temperature 
Steam, 60 Ib. 149°C. (300° F 


Air, room temperature 
Steam, 60 Ib. 149°C, (300°F 


Steam, 220 Ib. 371°C. (700°F 


Air, room temperature 
Steam jet in atmosphere 
Steam, 60 Ib. 149°C. (300°F 


Steam, 220 Ib. 371°C. (700°F. 


Air, room temperature 

Steam jet in atmosphere 
steam, 60 Ib. 149 C. (300 F 
Steam, 220 Ib. 371°C. (700°F 


Air, recom temperature 

Steam jet in atmosphere 
Steam, 60 Ib. 149°C. (300 iF 
Steam, 220 lb. 37] C. (700°F 


41ir, room temperature 


Steam, 60 Ib. 149°C. (300 F. 


Steam, 60 Ib. 149°C 


(300°F. 


End 


ira? 


61,0/ 
34.000 
54.01 

54,001 


56.01 


54,000 


74,000 
64,000 


90.000 


91,000 
73.000 


69,000 
58,000 


65,000 
62,000 
69.000 
54,000 


74,000 
71,000 
69.000 
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60,000 
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ENDURANCE OF STEELS IN STEAM 
Table I11—Continued 
vadieras mit § a Condition of Test-——Steam, 60 Ib. 149°( (300°F.) 
ee ' Endurance Limit Endurance Limit Endurance Limit 
+6 x il Lbs. per Sq. In Material Lbs. per Sq. In Material Lbs. per Sq. lh 
<3 yy mium 18 chromium 18 chromium 
0, 3 eel 8 nickel steel 8 nickel steel 
92, 4 1 16,000 ] ] 1.000 ] ] 16,000 
59 4 $5,000 | 5 91,000 l ; 16.000 
24. G 54.000 ] } 1.000 | 10.000 
26, a 900 J } 26,00 | } 6 000 
58. 4 5,000 J | 8 O00 
4. 2 »5 000 |—6 1,000 | ( 21,000 
64. z 24.000 | 7 O00 | 34,000 
52 { | 21,000 ] & 1 000 | 8 23,000 
‘ : 21,00) J } 21,000 | Y 21,000 
JU, f * 
14,0 ; 
36.0 ‘ 
% . . . . . rim ri, 
42,000 S ander the conditions indicated in Table Il. The pre-corroded B 
46,( ; ‘ ° ° ~ 
ie specimens showed an air-room temperature value of 50,000 pounds 
29,000 s per square inch which, when compared with the B steam jet in at 
20,000 x : : - 
61,004 F mosphere value of 24,000 pounds per square inch, further emphasizes 
52001 F the fact pointed out so many times by D. J. McAdam, Jr. that cor- 
oo § -osion without stress is very much less damaging than corrosion with 
a ; stress. Furthermore the pre-corroded B value of 14,000 pounds per 
61,00 B square inch in the steam jet atmosphere experiment is the lowest 
34.000 3 ‘ ° ° ° . 
54,001 S obtained in the tests under consideration. 
54,000 é nadie ° ‘ 
| { [he value of 42,000 pounds per square inch, shown by the chro- 
56,000 | mium plated B specimens in the steam jet-atmosphere test, indicates 
54,000 4 ate ‘ ° = , . ° ° 
i ither effective protection offered by the plating during the period 
cones ® of the test. How effective such protection might be over a long 
90,000 i period of time may be open to question. 
91.000 q 
59°000 3 Non-Corrodible Chrome-lron Alloy C 
58,000 ; 
aes : The low property chrome-iron alloy designated C showed an ap- 
) ( F : ~ ° a." ° ° ° ° ° a > 
pry = preciable falling off in endurance limit with increasing temperature. 
ahs % 
74,000 ; 
71.000 ; 3 ‘ . . s 
69.000 . Non-Corrodible Chrome-lron Alloy D 
53,000 5 
0? ry. . - . . 
92,000 lhe endurance properties of the high property chrome-iron alloy 


i designated D, like those of the high property nickel steel, showed 
42,000 . E as 

ronounced tendency to hold up at least to a temperature of 371 de- 
grees Cent. (700 degrees Fahr.). The steam jet in atmosphere en- 


60,000 ls : ‘ ‘ = ee 
durance value of steel D was 54 per cent of its air-room temperature 





value against a corresponding value of 41 per cent for nickel steel B. 


Se this result is not surprising in view of the relative corrosion resist- 
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Nitriding Steel 


The spread between the steam jet in atmos 


of D is much greater thar 


This again can be explained by the relativ 


corrosion resistance of the two steels under consideration. 


The results obtained with the specimens of steel D which wert 


pre-corroded one week in an atmosphere of wet steam and air showed 


no damage due to this type of stressless corrosion. 


Non-Corrodible Chrome-Iron 


Tests indicated the endurance properties of steel E to be similar 


to those of D. 


Considered as a group the endurance properties 
Steel 


nitriding steels 


are 


y Llloy E 


Nitriding Steel F 


surprising. 
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Figs. 7 and 8—Endurance Limits for Nitriding Steel F, Steel G-1 and G-2. 


values ranging from 74,000 pounds per square inch in air at room 
temperature to 50,000 pounds per square inch in 220 pounds steam 
at 371 degrees Cent. (700 degrees Fahr.). Nitrided specimens 
showed an air-room temperature value of 91,000 pounds per square 
inch and a steam jet in atmosphere value of 73,000 pounds per square 
nch which is outstanding when compared with the corresponding 
values of steels B and D. The tendency is for the endurance proper- 
ties of the nitrided nitriding steels to hold up rather less well with 
increasing temperature than steels B and D, although the value of 
58,000 pounds per square inch obtained with steel F is the highest 
shown in the 220-pound steam at 371 degrees Cent. (700 degrees 
Kahr.) tests. 


Nitriding Steels G-1 and G-2 


The endurance properties shown by steels G-1 and G-2 were 
those to be expected of lower carbon material. 
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Figs. 9 and 10—Endurance Limits for Nitriding Steel F and for 18 and 8 C 


Nitriding Steel H 


The air-room temperature properties of nitrided H_ specimens 
were similar to those of steel F. 


EFFECT OF A NOTCH ON THE ENDURANCE PROPERTIES OF NITRIDED 
SPECIMENS 


To determine the effect of a notch, specimens were machined as 
usual, whereupon a 45-degree notch 0.035 inch in depth, having a 
0.010-inch radius at the bottom, was cut in each at the plane of max- 
imum stress, after which the specimens were nitrided. In calculating 
the stress of notched specimens the value of the diameter at the base 
of the notch was used, but no factor for the stress concentration at 
this point was added. 

In 60-pound steam at 149 degrees Cent. (300 degrees Fahr.) 


standard specimens of steel F, which had been nitrided by heating 
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18 and 8 Corrosion Resisting Steels. 


500 degrees Cent. (930 degrees 


Fahr.), showed an endurance limit of 72,000 pounds per square inch 


and notched specimens 60 OOO pounds per square inch. 


18 Chromium—8 Nickel Steel 


The effect of prolonged heating at elevated temperatures on the 


endurance properties in 60-pound steam at 149 degrees Cent. (300 de- 


grees Fahr.) of this well-known alloy has been determined. 


hot-rolled condition the endurance 
bon content. 
ment at elevated temperatures. 


In the 


values bear a relationship to car- 


This relation, however, disappears after drastic treai- 


CONCLUSIONS 


The facts set forth in this paper are in accord with the follow- 


ing conclusions : 
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Fig. 13—-Endurance Limits for 18 and 8 
Corrosion Resisting Steels. 


(1) The endurance properties of nickel steel B, and non-corrod- 
ible chrome-iron alloy D, in the absence of appreciable quan- 
tities of liquid water and oxygen were not adversely affected 
by steam atmospheres up to and including pressures of 220 
pounds and temperatures of 371 degrees Cent. (700 degrees 


3 

Fahr.). ; 

(2) Due to the presence of liquid water and oxygen, the steam jet- | 
atmosphere endurance values of steels B and D were but ‘ 

41 and 54 per cent of the corresponding air-room temperature j 


values. 

(3) As evidenced by the steam jet-atmosphere tests of steels A 
and B, if the corrosion be severe, the endurance values are 
not a function of the initial tensile properties of the material. 

(4) A comparison of the steam jet in atmosphere and pre-cor- 

roded air-room temperature values of steel B further empha- 
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sizes the damaging effect of the simultaneous presence of 


stress and corrosion. 

A chromium plate offered considerable protection to steel B 
against the corrosion of the steam jet-atmosphere test. 

No damaging effect of the pre-corrosion treatment on steel D 
was evidenced by any of the four tests carried out thereon. 
The ratio of the air-room temperature endurance limit to ulti- 
mate strength was higher in the case of the nitrided nitriding 
steels than in that of any of the others tested. 

A marked tendency of the endurance values of the nitrided 
nitriding steels to drop off with increasing temperature was 
observed. 

The ratio of the steam jet-atmosphere to air-room temper- 
ature endurance values was higher in the case of the nitrided 
nitriding steels than in that of the other steels tested. 

The 60-pound steam at 149 degrees Cent. (300 degrees Fahr. ) 
endurance value of notched nitrided specimens ranged from 74 
to 83 per cent of that shown by corresponding unnotched 
specimens. 

The endurance properties of the 18 per cent chromium-—8 per 
cent nickel type of alloy are seriously affected by long inter- 
vals of time at temperatures of 650 degrees Cent. (1200 de- 
grees Fahr.) and above. 

In the hot-rolled condition the endurance values of this alloy 
bear a relationship to carbon content. This relation, however, 
disappears after drastic treatment at elevated temperatures. 
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DISCUSSION 


Written Discussion: By T. McLean Jasper, A. O. Smith Corpora- 


Milwaukee. 


[ am much interested in this paper from the standpoint of the application 


ot fatigue to service conditions in the steam industry. 


peratures and steam pressures. 
which does not represent a service fatigue condition, produces a much 


alf, 


In Table II are given the values of the endurance limit under various tem- 


It is interesting to note that steam mixed with 
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lower endurance limit than is the case when the specimen js confined in 


and temperature, and in the n 


under the operating condition of pressure 


absence of free air. 


all 
( 

[In bulletin 152 of the engineering experiment station of the Universit, 
Illinois, dated Noy ember, 1925, are presented some curves on the 
various temperatures. 
limit decreases as the 


endurance |j; 
In general it was found that th, 
temperature of test is 
is also known that the long 
with increasing 


its of various steels at 
endurance increased even in d 


ry 
air. It 


time strength of steel decreases in 
temperature. 
The author has produced 


a fine example representing 
of service conditions otf 


testing metals which are appropriate for use in 
This should restore 


confidence to designers 

of this nature and give them starting values f 

steam industry 
Written Discussion: 

ment of research. National 


The experiments cited in 


a close simulation 


steam 
power production. 


of equipment 
rom which to assume working 
stresses in the where fatigue plays an important role. 
By F. N. Speller and I. B. McCorkle. depart 
Tube Company, Pittsburgh. 
Mr. Fuller’s paper again indicate the importance: 
connection with steam turbines. 
water treatment and thorough 
As steam practically 


of using pure steam in This can be obtained 
by the use of suitable deaeration. 

free from Oxygen often contains a certain amount of 
free carbonic acid, it would 


be useful to determine whether the latter 


Jurious in steam with low oxygen content 
used in these tests js rather high 
The tests 


is in 
The amount of oxygen in 
for a modern well-equipped 
on the 18-chromium-8-nicke] 
prolonged heating at 650 deg 


the steam 
steam plant. 

steels are mast interesting, The 
rees Cent. would 
precipitation of carbides at the 


corrosi N-resistance of the 


be expected to cause profuse 
grain boundaries and 
metal. Since tests on other 
this series Was Corrosive, it 
fatigue” lowered considerably the these specimens under that 
of the hot-rolled stock. However, the results of tests un 

7 are not consistent with this conclusion. 
recommended to put the 


hence to diminish the 
materials showed that 
is not surprising that 
endurance limit of 


the steam used in “corrosion 


ler conditions 4 and 
The latter is a treatment which js 
structural condition, 
while treatment 4 js 
treatments (4 and 7) the 
treatment which 
tural condition from the 


material in good from the stand 
point of corrosion-resistance. a close approach to it. Yer 
endurance limit is as 
is supposed to put it in the 
standpoint of corrosion, 
metal after receiving either of 


after receiving these low 
(or lower) than the worst struc 
In the writers’ Opinion th 
| the two treatments would be at le 
the hot-rolled State. 


[If the above reasoning j 


ast as corrosion 
resistant as in 


s sound, why did all the materials 
so much lowering of the 
an explanation, 


reheated to the 
endurance limit? The 

which the author can probably confirm 
or refute: It is probable that the finishing temperature of a 1l-inch hot-rolled 
bar of 18-8 is so low that the metal will 
thereby raising the 


higher temperatures show 
following is offered as 


receive considerable work hardening, 
tensile strength and yield point. Treatments 4 and 7 should 
restore the values of these properties to considerably 


lower figures. The 
ferrous metals in air is 


roughly a function of the tensile 
ever) exceeds the yield point. The 


endurance limit of 


Strength, and it furthermore seldom (if 
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le strength and yield point of the “hot-rolled” stock can have a very high 
while these values for the metal after treatments 4 and 7 would be 
ected to be in the neighborhood of 90,000 pounds per square inch and 32,000 
ids per square inch respectively. Even treatments 2 and 3 would be 
ected to lower these properties to a certain extent. A series of corrosion 
eue tests on these metals “in air” after the various treatments would throw 
nsiderable light on the whole subject. 
Written Discussion: By B. P. 
ich. S. E.10, England. 


Haigh, Royal Naval College, Green 


Mr. Fuller’s investigation of the effects of steam and air on different steels 
subject to cyclic stress will be of great service not only to those engaged in 


practice but also in the foundation of a theory of this example of combined 


chemical and mechanical action. 


It is important first to grasp the outstanding conciusion, that the effect 
of corrosion prior to a fatigue test is only slight in comparison with that of 
simultaneous action. This conclusion, which was first published’ by the present 
writer in 1917, marks the characteristic difference between “ordinary mechani- 
cal” fatigue and the “combined chemical and mechanical action” that is now so 
generally known as “corrosion fatigue.” 

It is important also to note that Mr. Fuller’s investigation completely 
supports the conclusion reached by Professor Jenkins in experiments carried out 
at Oxford in 1925. In comparative Woehler tests on a steel containing 0.33 
per cent carbon, fatigue limits as follow were found under different conditions : 


Degrees Cent. Pounds per Square Inch 


In air at 17 41,000 
In distilled water 96 38,500 
In sodium-chloride solution 96 41,250 
In sodium-nitrate solution 96 39,000 
In ammonium-nitrate solution 96 32,500 


The results of these tests were held at first completely to negative the reality 
of the combined “chemical and mechanical” action; but it was suggested that 
the almost complete absence of the action at 96 degrees Cent. might be due to 
the absence of air in solution at this temperature; and when further tests were 
carried out with solutions of common salt allowed to drip cn a steel containing 
0.90 per cent carbon at ordinary air temperature, positive results were obtained 


as follows: 


Pounds per Square Inch 


Dry pieces tested in air 38,000 
Solution dripping through air 16,800 
Solution dripping through hydrogen 20,400 


(he general conclusion drawn from these experiments was that air present in 
solution in the reagent constitutes the primary agent in the combined chemical 


B. P. Haigh, “‘Endurance of Brasses Under Alternating and Pulsating Stresses,” In 
tute of Metals, London, 1917, 
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and mechanical action; and this conclusion appears to be strongly fortified jy % Hi 
the results of Mr. Fuller’s careful investigation. 

The same conclusion may be drawn also from a series of experiments 
ried out by Jones’ and the present writer, on lead and lead alloys as used 
cable sheathing. By adopting suitable precautions to exclude air from the 
surfaces of pieces subjected to cyclic stress, the fatigue limits of lead and lead 
alloys were raised so far that brittle fracture was no longer possible under t 
ranges of stress that could be imposed without causing excessive plasti 
deformation. a 

In spite of this general conclusion, that air is commonly the agent thai 
provokes combined chemical and mechanical fatigue, it should be borne in mind 
that drops of water moving at high speeds are liable to produce such high 
stresses that erosion and fatigue may occur even in the absence of air. 

For this reason it would appear desirable that Mr. Fuller should add t 
the present paper a note indicating the approximate speed of the jets used in 
the tests. At higher speeds, it is possible that moist steam would have reduced 
the fatigue limit appreciably even in the absence of air. 


Author’s Closure 


Mr. Jasper has emphasized the damaging action of air in the steam upon 
the endurance properties of the metals tested. This is very important. 

Messrs. Speller and McCorkle have pointed out that hot-rolled 18- 
chromium-8-nickel stock which had been rapidly cooled from 1066 to 1150 
degrees Cent. would be expected to show a corrosion-resistance superior to the 
same steel which had been exposed to prolonged heating at 650 degrees Cent., 
and hence higher endurance limits under steam conditions. Inasmuch as this 
was found not to be the case Speller and McCorkle suggest that the antici- 
pated effect of the heat treatment has been masked by an annealing effect 





occurring simultaneously. This is the most logical explanation which has been 

advanced to explain the anomalies in the results of heat treatments 4 and 7 ¥ 

when compared to the others in the 18-chromium-—8-nickel series. 
It has been very good of Professor Haigh to point out that the results set 

forth in this paper are in accord with those previously reported by Jenkins, 

Jones and himself. Professor Haigh has also called attention to the fact that 

drops of water moving at high speeds are liable to produce such high stresses a 

that erosion and fatigue may occur even in the absence of air. In none of the 

tests reported in the present paper has the velocity of the steam been greater 

than 100 feet per second. 


2B. P. Haigh and Brinley Jones, ‘‘Atmospheric Action in Relation t 
Institute of Metals, London, 1930. 
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HARDNESS OF CHROMIUM AS DETERMINED BY THE 
VICKERS-BRINELL, BIERBAUM, AND MOHS METHODS 


3y RICHARD SCHNEIDEWIND 





Abstract 


The hardness of electrodeposited chromium was found 
to be 625 Brinell, 8 on the Mohs scale, and gave a scratch 
width of 2 microns with the Bierbaum muicrocharacter. 
Heating at 290 degrees Cent. caused a sudden drop in 
hardness due probably to the volatilization of hydrogen. 
After this treatment it was found to be 250 Brinell, 5.5 
on the Mohs scale, and gave a scratch width of 4.15 
microns with the Bierbaum apparatus. Further heating 
at 1050 degrees Cent. caused the hardness to drop to 
about 135 Brinell, 4.5 on the Mohs scale, and to give a 
Bierbaum scratch width of 5.5 microns. 

No exact relationships could be found between hard- 
ness of metals as measured by the three methods 
mentioned, although the logarithms of the Brinell and 
Mohs hardnesses for pure annealed metals seem to be 
related fairly well. 


HERE has been considerable discussion regarding the great 

hardness and resistance to wear of electrodeposited chromium. 
Investigators have, with a few exceptions, however, applied these 
terms somewhat loosely and in a qualitative way. Investigations, 
the results of which are presented in this paper, had for their main 
purpose the securing of certain quantitative measurements which it 
was hoped could be expressed in practical units. The study included 
a consideration of comparative hardness of chromium plate and of 
cast annealed chromium, and the expression of hardness in different 
units. It was necessary to check the somewhat divergent results 
given in the literature by various investigators and also to make 
measurements of the hardness of many metals by various methods in 
order to convert the hardness results of chromium plate into Brinell 


units. 





A paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1931. The author, Richard Schneidewind, is a 
member of the society and is research engineer, Department of Engineering 
Research, University of Michigan, Ann Arbor, Michigan. Manuscript received 
April 3, 1931. 
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The hardness of electrodeposited chromium has been given by 3 
various investigators in units which permit no comparison. In some | 
cases approximate methods of conversion indicate that the results 4 
are widely divergent. 7 


Hardness Values as Reported in the Literature 


Rydberg,’ Landolt-Bornstein,? the Smithsonian tables, and vari- 
ous standard handbooks assign a Mohs scratch hardness of 9 to 
chromium which, however, was not deposited electrolytically. For 
comparison, diamond is 10, topaz is 8, quartz is 7, feldspar is 6, and 
calcite is 3. Grant and Grant* obtained a Bierbaum scratch width of 
1.68 to 3.68 microns on electrodeposited chromium and compared 
this with a scratch 2.03 microns in width for nitrided steel, 2.30 
microns for hardened high carbon steel, and 4.86 microns for the 
same steel annealed. Hughes* was able to scratch chromium plate 
with his thumb nail. 


bor ar ARs satin iS Sai i eS RI A cE as 


Sargent® used a rebound apparatus, the scleroscope, which gave a 
hardness of 75 to chromium plate. Ordinary conversion tables would 
place this equivalent to about 575 Brinell hardness. 

The Brinell hardness numbers are the ones most familiar to 
metallurgists, hence every effort should be made to convert as ac- 
curately as possible hardness measurements of other systems to the 

srinell system. MacNaughtan® ascribes a Brinell hardness of be- 
tween 500 and 600 to dull gray chromium plate and 900 to bright 
chromium plate. It is unfortunate that no details of the experimental 
work are given since to the writer’s knowledge it would be extremely 





difficult to make a direct measurement because of the brittleness of 
the metal. Edwards‘ obtained a Brinell hardness of 91 on a speci- 


iit coals’: 2M eerie 


1J. R. Rydberg, Zeitung fiir phys. Chemie, Vol. 33, 1900, p. 353 


*Landolt-Boérnstein, Phys. Chem. Tabellen, 5th edition. 





8L. E. Grant and L. F. Grant, Transactions, American Electrochemical Society, Vol. 53, 9 
1928, p. 514. 


>. Hughes, “Modern Electroplating,’ 1922, p. 138. 





J. Sargent, Transactions, American Electrochemical Society, Vol. 37, 1920, p. 495. 













MacNaughtan and A. W. Nothershall (quoted) Brass World, Vol. 26, 1930, 


A. Edwards, Journal, Institute of Metals, Vol. 20, 1918, p. 87. 
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31 


en of chromium (not electrodeposited) from the British Museum. 
is likely that this value was not obtained by direct measurement 
ut was converted from a scleroscope result. Adcock* checked this 
result, using electrodeposited chromium melted in hydrogen. A study 
of these results indicates fairly wide divergence. At one extreme 1s 


Hughes’ chromium capable of being scratched with the thumb nail, 
and at the other, MacNaughtan’s chromium, 900 Brinell numbers 


hard. 


Hardness of Metals in General 





The subject of hardness or the resistance to deformation by 
indentation or abrasion has been attacked from a theoretical angle 
by many investigators. It may be of interest to compare that of 
chromium arrived at from theory with the values obtained experi- 
mentally. Benedicks® ascribes hardness in general to the closeness 
of the packing of the atoms. Goldschmidt’? found that for various 
series of alloys and crystalline salts the Mohs hardness is an inverse 
function of the distance representing the closest approach of the 
atoms. 

Traube™ found that the scratch hardness of metals measured on 
the Mohs scale is approximately a function of the inner pressure 
of the atom which he calculated from Van der Waals’ equation. 
Richards’? arrived at the inner pressure thermodynamically by the 
equation Cdt = Pdv. P is the inner pressure against which heat 
energy does work during a change in temperature. C is the molecular 
heat capacity, t is the temperature, and v is volume; dt is taken as 
| degree Cent. and dv the molecular volume times the coefficient of 
cubical expansion. This equation can be reduced so that P in mega- 
dynes per square centimeter equals the heat capacity in joules per 
gram times the density divided by the coefficient of cubical expansion. 
Unless the units are important it is more convenient to use the read- 
ily available figures of specific heat in calories per gram and the co- 


SF. Adcock, Journal, Iron and Steel Institute, 1927. 


°C, Benedicks, ‘‘Metallurgical Researches,’”’ McGraw-Hill Book Co., 1926, p. 57. 


VY. M. Goldschmidt, Skrifter utgitt av det Norske Vidensaps-Akademie i Oslo, 1. Mat 
Naturvid. Klasse, 1926. No. 8. 


NJ. Traube, Zeitung fiir anorg. Chemie, Vol. 34, 1903, p. 413. 


2T. W. Richards, Zeitung fiir phys. Chemie, Vol. 40, 1902, p. 176. 
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Table I 
An Approximation in Correlating Hardness With Inner Stress 


Coefficient 


Specific of Linear 
Heat, C Expansion, E Quotient Hardness 
Material Cal/gram x 10-* C/E Mohs scale 
METALS 

Se rere er 0.1110 0.0840 1.32 9.0 
a eo a le ele at 0.3110 0.0657 4.73 7.0 
Iridium adios ca rae: ah cio cs ata 0.3230 0.0658 4.90 6.5 
re eer ere 0.0611 0.0960 6.36 6.5 
EP oe ne 0.1211 0.2161 0.56 5.0 
I eee ae 8 eee 0.0592 0.1186 0.50 4.8 
Ne Praia 6: weak noe via ee wat 0.1062 0.1252 0.85 4.5 
I oe hee ea te 0.3020 0.0890 3.39 4.3 
RE OO re re 0.0830 0.0559 1.49 a8 
ED ore ela Uy ethers 0.0936 0.1640 0.57 3.0 
SIS. ki ot a ah ie a hen 0.0503 0.1088 0.46 3.0 
Rr er ae ee 0.2127 0.2380 0.89 2.9 
PEE Sed ys ona uy % ont Ske aa 0.0560 0.1925 0.29 2.7 
I ais hie ic ga re ee 0.0316 0.1431 0.22 2.5 
Bismuth Borate ackno ob olka tas 0.0300 0.1367 0.22 2.5 
Zinc Ss take alg iin ae aalaccae a> se eae aia 0.0944 0.2741 0.34 2.5 
9 sae sine oe a Rae 0.0483 0.3687 0.13 2.3 
og ad alll ei oo area .. 0.0549 0.2693 0.20 2.0 
NN as cus us. Blaise es 0.2475 0.2507 0.99 2.0 
4 eer eo ae 0.0551 0.2703 0.20 1.8 
PO ee Pe ee 0.0310 0.293 0.11 cca 
DE.  ictinwncweheee eae eure 0.0569 0.4170 0.14 1.2 

Non-METALS 
I i ae oa te epee oa ene 0.1130 0.0132 8.56 10.0 
SEI, Jats os uw ase acy eee ed 0.1710 0.0249 6.87 7.0 
Ee > | ree 0.2120 0.1170 1.80 aS 
Lead Sulphide PDS .....cccce. 0.0529 0.0843 0.627 2.8 
NE RE CMI bn 0S 'un'sw Gi ew ee 0.2190 0.4040 0.54 2.9 
Uk. SND DERE swaceccees 0.1661 0.3803 0.437 2.3 
wot, Beemeee BB occccciees 0.1033 0.4201 0.246 a3 
, ee "Fh eee 0.8190 0.4265 0.193 2.2 


efficient of linear expansion since these differ only by constant or ap- 
proximately constant factors. There is satisfactory agreement be- 
tween these values and those obtained by Traube from Van der 
Waal’s equation. 

A rough relationship was found by plotting these various values 
against the Mohs hardness. A much better approximation is reached 
by using simply the quotient of the specific heat divided by the co- 
efficient of linear expansion. Although there seems to be less theo- 
retical justification these figures bear a closer relationship to the hard- 
ness than the inner pressure figures of Traube or Richards or the 
atomic distance values of Goldschmidt. Hardness values are as- 
sumed to be those of the soft, annealed metal. Table I presents the 
results of this procedure on all the metals for which data could be 
found. All figures were chosen for temperatures as near as possible 
to room temperature. A few crystalline non-metals are included for 


which complete data could be found. Fig. 1 shows a curve in which 
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the Mohs hardness is plotted against the quotient expressing a meas- 
ure of the approximate inner pressure of the atom. 

Although the points do not fall upon this curve exactly, in most 
cases they come as close as Mohs hardness can be read, that is, 0.5 
point, and hence it seems that this approximation shall prove valuable. 
Four elements stand out since they fall at a considerable distance 


from the 


chromium. 


curve. 


These 


are 


ire yn, 


palladium, 


Manganese, 


and 


For this reason a specimen of pure sheet palladium was 
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annealed for 20 minutes at 1000 degrees Cent. (1830 degrees Fahr 





and cooled slowly. A test crystal of a Mohs hardness of 2 faile 
to scratch it while the test crystal of hardness 3 did leave a mark 
Hence, an estimate would place the Mohs hardness at 2.5. This ex 
perimental value places palladium well on the curve. 

Similarly, a specimen of electrolytic iron was annealed for 20 
minutes at 1050 degrees Cent. (1920 degrees Fahr.) and cooled 
slowly. Its hardness proved to be about 2.8 since the test crystal of 
hardness 3 left a shallower mark than on the palladium mentioned 
above. This new value places iron aiso on the curve. 

An attempt was made to recheck the hardness value of manga- 
nese but pure manganese prepared by distillation was not available 
at the time. 

Chromium seems to behave the most abnormally; according to 
Traube’s approximation it should be harder than most metals but 
much softer than the figure assigned to it. 


Hardness Measurements of Chromium Plate 


For the purpose of this study deposits of chromium over a 
millimeter in thickness were prepared by plating for 36 hours at 45 
degrees Cent. (113 degrees Fahr.) and 10 amperes per square deci- 
meter, from a bath containing initially 250 grams of chromic acid 





and 2.5 grams of sulphuric acid per liter of solution. The metal was 


deposited upon buffed brass tubes 1.5 centimeters in diameter. The 4 
smoothness and even thickness of the deposits indicated satisfactory 4 
uniformity of current density during plating. The tubes were cut 4 
into specimens about 2 centimeters in length and the base metal was 4 
dissolved away in nitric acid. This last step was not necessary for ’ 


the purpose of measuring the hardness of the deposit as plated but 
was found expedient for the other experiments which will be de- 
scribed. 

One such specimen was mounted in Wood’s metal and was pol- 
ished longitudinally for metallographic examination. Fig. 2 shows 
the appearance of the material in the unetched condition. <A large 
number of voids or inclusions can be seen. 


caine Rasa aac te 


Due to the brittleness and comparative thinness of the electro- 
deposit, about 1 millimeter, Brinell hardness measurements were im- 
possible on the chromium specimens. A Rockwell impression with a 


diamond point was attempted but the material cracked and no read- 
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Fig. 2—Microscopic Appearance of Chromium Plate Unetched. x 100. 

Fig. 3—Microscopic Appearance of Chromium Plate Etched x 100. Note the net 
work of cracks which developed on etching. 

Fig. 4—Microscopic Appearance of Heated Chromium Plate Unetched. < 1000. 
Note network of cracks which developed on heating at 325 degrees Cent. (620 degrees 
Fahr.) 


ing could be obtained. A Vickers machine was next tried. Readings 
were attempted with the pyramid diamond point but again the values 
were unreliable due to cracking. The results indicated roughly, how- 
ever, that the hardness was greater than 500 in equivalent Brinell 
numbers. 

Scleroscope readings were quite inconsistent, varying from 40 to 
about 75. Microscopic examination revealed the fact that the chro- 
mium was cracked more or less at each point where a reading had 
been made. The higher readings are for this reason the more nearly 
correct ones. 

Scratch-hardness measurements made with a Bierbaum micro- 
character with a corundum point gave a scratch 2.0 microns in width. 
This figure is the average of 13 readings made along different por- 




























lowing treatments: one specimen was 
30 hours, one at 200 degrees Cent. for 
hours each at 260, 275, 290, 325, 500, 
Cent., respectively. 


and polished for metallographic inspection. 


of 
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ions of the scratches. The extreme readings deviated 30 per cent 
from the average, indicating the difficulty in reading and the danger 
in accepting the results of too few measurements. 


Most of the read 
ings, however, varied less than + 


10 per cent from the average. 

The Mohs hardness of electrodeposited chromium was checked 
and found to be less than 9, the figure assigned to chromium metal 
in the various reference books. {It could be scratched by a diamond, 
hardness 10, and by the corundum point, 9, of the Bierbaum appara- 
tus. ‘Topaz, of hardness 8, left a faint scratch while quartz, 7, left 


no mark. It would seem, therefore, that 8 is the maximum hardness 


that can be assigned to the hardest form of chromium examined ‘by 


the author. Higher values may have been obtained on specimens 


contaminated with carbon. 
The Hardness of Chromium Plate as Affected by Heat 


It had been noted previously by the author’® that electrode- 


posited chromium loses some of its hardness on heating. In order | 


Table Il 
Effect of Heating on the Scratch Hardness of Chromium 
Temperature Mohs Width of 
of Heating Time Scratch Scratch 
Degrees Cent. Hours Hardness Microns 
Room re 8 2.00 
100 30 8 1.93 
200 24 1.93 
260 12 2.00 
275 12 ; 2.02 
290 12 aoa 3.92 
325 12 . S 4.15 
500 12 a 3.93 
700 12 ; 4.66 
850 12 “ 4.79 
1050 12 4.5 5.50 


to study this behavior quantitatively, specimens were given the fol- 


heated in boiling water for 
24 hours, and others for 12 
700, 850, and 1050 degrees 
The samples were then mounted in Wood’s metal 


The results of Mohs 


and Bierbaum scratch-hardness measurements are given in Table II. 
Each value of the latter is the average of 13 to 16 individual readings, 


8A Study of Chromium Plating. 


Engineering Research Bulletin 10, 1928, University 
Michigan, p. 68. 
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30 per cen usually 3 or 4 readings on a scratch with 3 or 4 scratches used o1 


d the ae each specimen. It is felt, however, that scratch widths cannot be ac- 
of the read- : 
average. % represents 
(.00000039 inch. 

These data are presented graphically in Fig. 5. It is evident that 


trately expressed closer than 0.1 micron. A reading to 0.01 micron 


accuracy of measurement of 9.00001 millimeter or 


was checked 
mium metal 3 
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-a diamond. at some temperature between 275 and 290 degrees Cent. (525 and 





ium appara- j or... ean geuw 
lartz, 7, left | 
im hardness 
xamined -} 


1 specimens 


























Heat i 6< 
% | 
| @ A 
electrode- [a x 
: g 
In order 3 

| 

| 4 

| | 

| | 

aL eta Oe dhiceeteee 

0 200 400 600 800 1000 1200 


TEMPERATURE °C 


Fig. 5—The Effect of Temperature on the Scratch Hardness of Chromium Plate. 


555 degrees Fahr.) a change occurs which causes a sudden drop in 


hardness from that permitting a scratch width of about 2 microns to 





one of about 4 microns. Heating and quenching did not restore the 
original hardness. This change can, therefore, be best explained on 
the basis of a volatile constituent which is removed at elevated tem- 


1 the fol- i peratures. The Mohs hardness after heating at the intermediate tem- 
vater for | peratures, was found to be 5.5; after heating to 1050 degrees Cent. 
rs for 12 : (1920 degrees Fahr.) it was 4.5. One hour’s heating at 290 degrees 


) degrees Cent. (555 degrees Fahr.) did not bring about any appreciable sof- 


d’s metal 4 tening but after two hours at this temperature the scratch width was 
of Mohs 3.87 microns, after 4 hours, 3.92 microns. 

Table T] 7 Carveth and Curry" showed that chromium plate contains over 
readings, 250 times its own volume of occluded hydrogen which has been con- 


e.4 ; 4 “HT, R. Carveth and B. E. Curry, Transactions, American Electrochemical Society, 
University 4 Vol. 7. 1905, p. 140. 
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sidered by many as the cause of its hardness. It is well known that 
iron and steel readily occlude hydrogen when cathodically polar: 
or even upon simple immersion in weak sulphuric acid. The eff 
on the physical properties is considerable, for Pfeil’? showed that 
the elongation of iron was reduced from 60 per cent in the original 
state to less than 10 per cent when saturated with hydrogen. The 
effect of the occluded hydrogen is most noticeable in the loss of re- 
sistance to impact. In the case of iron the change in hardness 1s less 
marked although electrodeposited iron is considerably harder than 
after annealing. This hydrogen is quite loosely held, probably ad 
sorbed, since Pfeil’s results show that mere exposure to the air of a 
polarized specimen for only a few seconds increased its ductility 
markedly. 

Langdon and Grossmann'® found that brittleness due to occluded 
hydrogen could be removed completely by heating at 100 degrees 
Cent. in air for about 2 hours or at 150 degrees Cent. for 10 minutes. 
If heated in water at 100 degrees Cent. recovery was accomplished in 
10 minutes. Ludwick’s'™’ results checked these closely. 

It is conceivable that the hydrogen in electrodeposited chromium 
is either, (1) simply adsorbed and loosely bound, (2) present as a 
solid solution in chromium or, (3) present as a solid solution of 
chromium hydride in chromium. 

Since heating for 30 hours in boiling water or for 24 hours at 
200 degrees Cent. (390 degrees Fahr.) did not affect the hardness, 
it would seem difficult to think of the hydrogen as simply adsorbed. 
It is most likely present as a solid solution or as a solution of a hy- 
dride in chromium. No metallographic evidence could be obtained to 
indicate which of these hypotheses was the more nearly correct one. 
The parallel with the behavior of iron is not clear cut because of the 
difference in grain size and the fact that the penetration of a gas into 
a metal proceeds preferentially along the grain boundaries. 

Huttig and Brodkorb'® found a strong evolution of hydrogen 
gas from electrodeposited chromium when heated above 58 degrees 
Cent. (137 degrees Fahr.). One would assume that this hydrogen is 


6... B. Pfeil, Proceedings, Royal Society of London, Vol. 112, 1926, p. 182. 


6S. C. Langdon and M. A. Grossmann, Transactions, American Electrochemical Si 
ciety, 1920. 


“uP, Ludwick, Zeit, Ver. deut. Ing. Vol. 70, 1926, p. 385. 


1%]. F. Hiittig and F. Brodkorb, Zeit. fiir anorg. Chemie, Vol. 144, 1925, p. 341. 
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v loosely bound. In the present investigation no trace of this 
e of occluded hydrogen was found because the specimens had been 
ted at 45 degrees Cent. (113 degrees Fahr.) with the tempera- 

‘ure rising at times to 50 degrees Cent. (122 degrees Fahr.). In 
is manner it is probable that all of the loosely bound or adsorbed 

hydrogen was removed before examination of the metal was begun. 

The grain size after heating to 850 degrees Cent. (1560 degrees 
ahr.) was not appreciably different from that in the as-plated con- 
dition, hence grain size has little effect upon the increment in scratch 
hardness represented by the difference between the scratch widths 
2u and 4p. The grain size is so small that it cannot be discerned 
readily at 1000 diameters. Any condition of strain due to the process 
of electrodeposition would have been relieved at least partially upon 
prolonged heating at 200 degrees Cent. (392 degrees Fahr.). Strain 
due to the presence of hydrogen in the lattice may, of course, be the 
fundamental cause of hardness. There is a condition of strain be- 
cause etching the specimen shown in Fig. 2 develops a network of 
cracks as shown in Fig. 3. Faint cracking was observed in the speci- 
men heated at 325 degrees Cent., as shown in Fig. 4; this network 
became progressively more pronounced in samples heated at higher 


temperatures. 
HARDNESS OF Cast CHROMIUM 


A specimen of commercial cast chromium made by the Gold- 
schmidt process was annealed for several hours at 1050 degrees 
Cent. (1920 degrees Fahr.) and cooled very slowly. No analysis 
was available but the material contained a large amount of oxides and 
other inclusions visible under the microscope. This material ob- 
viously did not contain hydrogen and possessed a fairly large grain 
size. Any difference in hardness between this sample and the an- 
nealed electrodeposited metal would be due, therefore, principally to 
a difference in grain size and to impurities. Measurements of hard- 
ness by means of the Vickers machine gave an equivalent Brinell 
number of 236. Although the metal was comparatively brittle due to 
the presence of oxides, a Brinell impression was obtained giving a 
value of 217. This hardness figure was supplemented by the Bier- 
baum scratch width of 5.2 microns. The Mohs scratch hardness 
proved to be less than 5, approximately 4.5. 

Another specimen of cast chromium produced by the Electro- 
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Table Ill 
Hardness Test Results 


Bierbaum 


Scratch Mohs 

Material Width uw Hardness Brine] 
RENN, POI! a a) alten ' Ghar ae har wa irae ama dndnw a 1.3 8.5 7 
i da i 2.0 8 
Chromium Plate Annealed at 325 Degrees Cent........ 4.8 5.5 
Chromium Plate Annealed at 1050 Degrees Cent........ 5.5 4.3 
Cast Chromium Annealed at 1050 Degrees Cent........ 5.2 4.5 
NID rte eee ae or ar hos Pet eS acer Oe el 5.4 4.5 7 
SRE ae oar. 2k sie gilt ange wan ae are WAS Eb eo wea 6.6 3.3 b 
OG ce eye ene es eee a 6.7 3.0 5 
I, a che aha de cage a adie haa alata made ally Som 6.8 ao 
I hes ie ha go ta i oa ain Te nate al he hale eine a aie Tam <3.8 
5 arin Wid kaki Wb SS. e BSD IE eo ae aw OR Re ae 3.3 2.8 48 
I iS ca Sh ori aliaha, tee ame aia ae ate ate, a Sicniuary OWN aoe 9.65 2.8 3 ¢ 
ES Sa. laig/ cra phe g aid Ghar Male eae a ace ke’ alae 17.3 2.3 35 
I a ics ha er ell it ln Ge na eg aes dl ee 18.0 2.5 
ED a ees oe ts eer kd GOES beh e eae eb hetbes 25.0 2.0 24 
I ek Bedell inl ss da va dans Meh sd end avin et ates Reale a ec! ed wits 28.1 2.0 15 
BN Seid arur as & alata we he Sea a ine a a ie no ow 52.4 1.3 g 


metallurgical Corporation was tested. This metal was made up of 
crystals at least 0.5 centimeter in diameter and possessed a brighter 
luster than the previous specimen. Its analysis was as follows: Sili- 
con 0.35 per cent, iron 0.11 per cent, aluminum 0.71 per cent, and 
carbon 0.014 per cent. No analysis was made for oxygen. The Mohs 
hardness was also less than 5 but greater than 4. 

The Vickers-Brinell hardness was 150 + 20. More accurate 
readings were not possible due to the friability of the metal. It is 
felt, however, that if electrodeposited chromium were melted in hy- 
drogen and then in a vacuum, the Mohs hardness would probably be 
at least a half point less or about 4. Electrodeposited chromium con- 
tains chromic acid entrapped from the bath which upon heating 1s 
changed to chromic oxide. Melting in hydrogen would reduce the 
oxides. This would place chromium fairly near the curve in Fig. 1. 


COMPARISON OF BIERBAUM ScRATCH WuiptH witH Mous SCALE 
AND BRINELL HARDNESS 


A series of metals was completely annealed in order to remove 
all chances of strain hardening, of excessively small grain size in 
the case of electrodeposited metals or of other effects. Bierbaum 
and Mohs scratch and Vickers-Brinell hardness measurements were 
made. Electrodeposited chromium in various stages of anneal was 
also tested. The purity of the materials in all cases was the highest 
obtainable. The analysis for the cast chromium specimen has al- 
ready been given. The results of tests are given in Table III. 
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Fig. 6 presents these data graphically. There seems to be some 
itionship between the scratch hardness as measured by the Mohs 
Je and that measured on the Bierbaum apparatus. Since Mohs 
rdness cannot be determined very closely the points have been put 


as lines one-half hardness unit in width indicating limits of error 
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Fig. 6—Relationship Between the Mohs and the Bierbaum Scratch 
Hardness of Annealed Metals. 


of + 0.25 of a Mohs hardness unit. The relationship is fairly satis- 
factory when the arbitrary manner in which the Mohs scale was orig- 
inally arrived at is taken into consideration. 

The curve Fig. 7 giving the relationship between scratch width 
and Brinell hardness, however, seems less justifiable. But scratch 
width will impart an idea of the comparative hardness of material 
only to the mineralogist and physicist, and it carries no significance to 
a metallurgist who is familiar with Brinell or Rockwell values. There 
are no data on any accurate relationship between scratch hardness 
and hardness measured by indentation methods, and it was thought 
that some fair approximations might be reached which would be 
valuable. For this reason a specimen of nitrided steel was tested 
tor hardness with both the Bierbaum apparatus and the Vickers 
hardness testing machine, the value of the latter being readily con- 
vertible to Brinell numbers. 

A specimen of commercially nitrided steel about 2.5 centimeters 
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long was surface-ground with a standard 3-degree bevel so that on 
end had the original surface while the other end had been ground 
off well into the softer core. The piece was placed in a chuck which 
was provided with a sliding base that could be moved rectilinear} 
through a definite distance by means of a calibrated screw. Vickers 
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Fig. 7—-Relationship Between the Bierbaum Scratch Width and _ the 
Vickers-Brinell Hardness of Annealed Metals. 


impressions were made with the pyramid diamond point and then 
Bierbaum scratches were made near and parallel to these impressions. 
The scratch width was measured opposite each impression. Table IV 
gives the Vickers-Brinell and the Bierbaum data side by side. 

By plotting these values against each other as shown in Fig. 8, a 
curve is obtained which shows the relationship of these two types of 
hardness values for nitrided steel. 

Comparison with the Bierbaum-Brinell curve in Fig. 7 shows 
that the relationship existing for annealed materials does not hold for 
heat treated or worked steel. This is further brought out in testing 
two samples of KA2, an iron alloy containing 18 per cent chromium 
and 8 per cent nickel. In the cold-rolled condition the scratch width 
was 9.8u and the Brinell hardness 360; a cast sample of almost iden- 
tical composition had a scratch width of 7.44 but a Brinell number of 


only 150. These results conform with the general opinion that no 
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Table IV 
mparison of Vickers-Brinell Hardness with Bierbaum Scratch-Width 
of Nitrided Steel 

Vickers-Brinell 
Numbers 


730 
693 
653 
609 
550 
528 
499 
469 
424 
JO 

306 
260 
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Vickers-Brinell Hardness of Nitrided Steel. 
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Brinell Hardness of Annealed Metals. 
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iable approximations of the Brinell hardness of chromium plate 
‘no be drawn from the Bierbaum scratch hardness data. 

Fig. 9, plotted on log-log paper, shows close agreement between 
\lohs hardness and Brinell hardness within the range investigated. 
[he probability of the accuracy of this curve is increased by the ad- 
dition of some points where the Mohs hardness has been obtained 
from Landolt-Bornstein and the Brinell values from the work of 
Edwards. It is not within the scope of this paper to attempt to es- 
tablish definite relationships between hardness obtained by various 
methods. This portion of the work was done merely to arrive at an 
approximation of the Brinell hardness of electrodeposited chromium, 

figure which should be of much greater interest to a metallurgist 
than scratch hardness values. 

A study of this curve leads to the conclusion that electrode- 
posited chromium has an equivalent Brinell hardness number of be- 
tween 600 and 650 in the as-plated condition. After annealing at 
about 290 degrees Cent. (555 degrees Fahr.) which presumably re- 
moves hydrogen of solid solution, the Brinell equivalent is approxi- 
mately 250. Fully annealed chromium plate is softer than the sam- 
ples of cast chromium which were available. This is true most 
probably because of its greater purity. The hardness value was found 
to be in the neighborhood of 135 Brinell. 


CONCLUSIONS 


The results of the study on the hardness of chromium can be 
summarized in the following table. 


HARDNESS 





Bierbaum Scratch 


MATERIAL TREATMENT Mohs width Microns Brinell 
Chromium Value from literature 9 aad or 
Chromium plate None 8 2.00 625* 
Chromium plate Heated at 325°C. ao 4.15 250 
Cast Chromium Annealed at 1050°C. 4.5 5.20 15 
Chromium plate Annealed at 1050°C. 4.5 5.50 R3o” 
Chromium plate Melted in hydrogen 3.8* 89 


Value from literature 
*Calculated values. 


It is believed that the difference between the Mohs hardness of 
Y ascribed in the literature to chromium and 4.5 determined for cast 
chromium in this study may be due to possible carbide impurity in 
the specimens on which the former value was obtained. 

The loss in hardness of electrodeposited chromium upon heating 
above 290 degrees Cent. (555 degrees Fahr.) is due to the removal of 
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hydrogen of solid solution at that temperature. The further soften. 
ing effect upon heating up to 1050 degrees Cent. (1920 degrees Fahr, 
is probably due to the removal of internal strain and to grain growth 
Annealed cast chromium was found to be slightly harder than an- 
nealed electrodeposited chromium. The presence of impurities in the 


former is most likely responsible for this difference. 


DISCUSSION 
Written Discussion: By W. Blum, chemist, Bureau 
Washington, D. C. 








ot Standards 


These results for the hardness of chromium as measured by different 


methods are of considerable scientific interest. Their practical application js 
less certain. The “hardness” of electrodeposited chromium is especially oj 
interest in connection with wear-resistance. Unfortunately there is no simpk 
relation between any hardness measurements and resistance to wear. To the 
extent that the latter involves abrasion, it is at least probable that the scratch 
hardness is a better criterion than the Brinell hardness. It is doubtful there 
fore whether the author’s assumption that “Brinell hardness . . . should be of 
much greater interest to a metallurgist than scratch-hardness values,” applies 
especially to chromium plating. 

Kven the scratch hardness is not an accurate indication of wear-resistanc 
For example, in recent experiments H. K. Herschman’ found that chromiun 
plated gages that had been heated for 24 hours to 300 degrees Cent. were much 
more resistant to wear than unheated gages, although we would expect th 
heated gages to be “softer,” as reported by Schneidewind. Evidently othe: 
intangible properties such as “toughness” have a marked influence on 
resistance. 


WeCar’l- 


The unheated specimens of Herschman yielded a scratch width of about 
2 microns, i. e., about the same as those of Schneidewind. However, Hersch- 
man observed no decrease in scratch hardness after heating to 300 degrees 
Cent. That hydrogen is evolved as low as 200 degrees Cent. is indicated bi 
the marked increase in the cracking of the heated deposits, as shown in a paper 
now in press in the Journal of Research.” It is at least probable that relativels 
small differences in the conditions used in the plating or the heating might 
change the temperature at which a sudden drop in hardness occurs. Evidently 
more critical experiments will be required to fully explain the form and be- 
havior of hydrogen contained in electrodeposited chromium. In any such stud) 
the data of this paper will be helpful. 

Written Discussion: By Christopher Bierbaum, 
Searing Co., Buffalo. 
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of the Vickers diamond py ramid testing machine over the 
entirely due to the fact by the 
ays symmetrical to 
with the standard | 
wculty, at least in a two different Brinell scales are 
tests the same thing is true as in the Vickers, in that 
strictly symmetrical to that at all 
in the Vickers the load is normal 
load is the resultant 


1 the horizontal pull, 


superiority 
Brinell is 
machine is alw 


that any indentation made 
every other indentation, regardless 
srinell and in order to OV ercome 


This is not true 
in use. 


measure, 
microcharacter 
10US indentation at 
the only difference 
surface, whereas in 
static weight upon the 
an angle of 


any one point is 
being that 
the michrocharacter the 
jewel point an 
35.25 degrees with the normal 


ntint 
points, 
test 


forces, the 
resultant that makes 


ucing a 


the test surface. 
here the hardness is determined by an 


all testing methods W 
derived from the 


In general, for 
the mathematical 
to the area loaded, an 


such hardness is 
are directly proportional 
f lineal dimensions of 


jentation, expression for 
of the load 1 since areas 
ot their homologous sides, 
In a Vickers test the 
indentation ; 
directly proportional 


the squares 0 
loaded area 1s directly pro 
in like manner, 10 


the square 
, indentations are used. 


the diagonal of the 
area at any point is 
Why the author should have used the 
at all apparent, except, 


the square ol 
test the loaded 
width of microcut. 


1 factor of its square, is not 
Bureau of Standards. 


microcharacter 
the square of the 
of cut rather than < 
that this fallacy was first introduced by the 


altogether likely that a fairly approximate scale 


microhardness Cat be 
satisfactorily in a manner the 
In order to 


From work done, it seems 
according to which 
however, be done 
Table IV and plotted in Fig. 8. 
in the first place, to express 
is, in terms of 


expressed in terms 


1 


ses from the data in 
it will be necessary, 
corresponding terms, that 
determination with the 
as not done in the 


both Vickers and microhardness 10 
area loaded; and, secondly, each 
jaterial, which w 
ition with Vickers upon 4 


ect several successive 


the ratio of load to 
Vickers must be mad 
author’s work. It is imp 
nitrided surface of nitralloy ste 
layers of different degrees of hardness, 
hardness in terms of 


an expression in 
of a metal is used to express 


e upon a homogeneous 1 
ossible to make a determin< 
el without bringing into eff 
owing to its depth 
and exact standard is cer- 


of penetration. The 
value of expressing a definite 
of more importance than 
“The word hardness 


tainly relative approximations of 
different standards since, 


995 


five ideas. 

When making microhardness tests 
annealed state, the property 
Tests made upon a 
one point, depending 
this anisotropic e ffec 
led copper the microhardness at 
is it would be had it been 
is difference may be 


metal, especially so when 


upon a pure 
must be 


it exists in a soft known as anisotropy 


metallographic surface show a 


entirely upon the 
+t is due entirely 


taken. into consideration. 
difference of microhardness at any 
direction in which the cut has been made; 
In testing pure annea 
igh if cut in one direction < 
chemically pure zinc th 


to atomic orientation. 
any point may be twice as h 
cut in some other direction and for 


) 


General Metallurgy Hoffman, 19153, PD. 
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as high as four to one.* For the foregoing reason the microhardn¢ 
width of cut for the different pure annealed metals cannot be exp, 
terms of single numbers; the designation should carry with it eit! 
mum, minimum or average. Therefore, the figures for such metals 
in Table III and Fig. 7 cannot be regarded as reasonably accurate. 

For the first instruments, the artificial leuco sapphire was used, it }y 
the most serviceable jewel that any lapidarian, up to that time, has been - 
to grind with the requisite degree of accuracy. The author mentions a co; 
dum point as being used in the microcharacter; if he had a full apprecia; 
of the relative serviceability for this purpose of the artificial sapphire as , 
pared with corundum, he might have been more accurate in his use of ter, 
Corundum, no doubt, serves well for a Mohs scratch hardness test but y 
the exacting requirements for a keen edge and point of a cutting jewel 2 
considered, the most serviceable aluminum oxide product is the pure aluminy 
oxide artificially prepared, and even this has now been completely abando; 
for the diamond. The Mohs scale of hardness is very essential for a pro 
pecting mineralogist in the field; but what contribution this crude and appro) 
mate scale can make to modern refinements on hardness study is altoget! 
obscure; it seems but to lead to vagaries and inconsistencies. 

The relative hardness of nitrided steel and chromium plate, as given in t 
author’s Table III, is inconsistent and manifestly in error. 730 Vickers Brin 
hardness on a nitrided nitralloy steel surface does not correspond to a micr 
cut of 1.3 microms in width, this reading should have been more nearly 24 
microms. The reading given for chromium plate as 2.0 microms is by no mean 
the hardest electrolytic chromium plate.” The hardest chromium plate is appre- 
ciably harder than the hardest layer of a nitrided steel surface of 920 Vicker: 
Brinell. 

The author’s discovery, that chromium plate softens when heated 
annealed at a temperature between 525 and 555 degrees Fahr., due to tl! 
elimination of occluded or adsorbed hydrogen, as shown in Table II, Fig. 5 
and Table III, would certainly be a beautiful law. Unfortunately, however 
it exists as pure fancy only, it has no existence in fact. Chromium plate, whe: 
heated and annealed in a manner specified, does not soften. Investigations : 
the laboratories of the Lumen Bearing Co. show, without a single exceptio 
that the process of successive and prolonged heating and annealing chromiun 
plate does not produce a softening effect. 

Written Discussion: By W. E. Jominy, research laboratories, A. | 
Smith Corp., Milwaukee. 

The hardness and behavior of chromium plate under various conditions | 
a matter of concern to many industries. We are indebted to Mr. Schneidewind 
who is well known in the field of chromium plating, for giving us further infor 
mation on this subject. 

Mr. Schneidewind’s findings would indicate that at temperatures of 52 
degrees Fahr. and below, we may expect chromium plate to offer good r 





‘Transactions, American Institute of Mining and Metallurgical Engineers, 1923, | 





®°TRANSACTIONS, American Society for Steel Treating, Vol. 18, 1930, p. 1009. 
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DISCUSSION—HARDNESS OF CHROMIUM 
to wear, but when this temperature is exceeded, less satisfactory pet 
may be expected. From these results, one would expect satisfactory 
ince of chromium plating on the large metal rolls used in the paper 
which operate at around 400 degrees Fahr., but questionable per- 
ce when used on forging dies where surface temperatures are very high. 
i experience with both of these applications have been in accordance with 

; postulation. 

In connection with the fine cracks which appeared in the chromium plate 
Fahr., I 


ter heating to 620 degrees should like to inquire whether these 


Bracks are due to the difference in linear expansion of the chromium plating 
® nd the metal on which it was deposited, or whether the chromium was removed 


from the base metal before heating. Have similar cracks been found when the 


© thickness of the chromium deposit was around 0.001 inch or less? 


The relationship between the hardness of the metals as indicated on Mohs 
scale and the quotient of the specific heat divided by the coefficient of linear 
expansion, as shown in Fig. 1, is quite interesting. Although relationships of 
this kind are discussed in “Science of Metals” by Jeffries and Archer, it is 
perhaps not so well known among metallurgists that there is an approximate 
relationship between the coefficient of linear expansion and hardness of metals. 
lf the coefficient of linear expansion values for the metals given in Table I of 
this paper are plotted against the Mohs hardness values, a fair relationship will 
he found. If Mr. Schneidewind’s corrected hardness values for chromium, iron, 
and palladium are accepted, then only three metals will be found which are 
more than 0.5 points off this curve. These three metals are ruthenium, manga- 
nese, and arsenic. Two of them, ruthenium and manganese, are likewise off 
Fig. 1 of Schneidewind’s paper, although ruthenium does not 
appear to be off because of an error in calculation occurring in Table I. This 
would indicate that further tests of these two metals should be made. Work of 
this type is very worth while, and it is to be hoped that Mr. Schneidewind wil! 
continue these studies. 

Written Discussion: By A. B. Kinzel, associated with the 


Carbide and Carbon Research Laboratories, Long Island City, N. Y. 


the curve in 


Union 


Mr. Schneidewind is to be complimented on presenting a paper on a subject 
in which there is so much interest. The problem to which he set himself, is a 
most difficult one as the scales used are purely relative and arbitrary. 

Mr. Schneidewind has worked on chromium plate produced under one set 
of conditions. Whether or not variation in the conditions of deposition would 
vary the hardness of the case may be considered as problematic but must cer- 
tainly be taken into consideration in attempting to assign a specific Brinell value 
tor the hardness of chromium plate. This value is arrived at by comparison 
with other materials, more particularly nitralloy as tested by Vickers hardness 
and the Bierbaum 
obtained by 


microcharacter. We find it peculiar that the hardness 


the Vickers machine on the nitralloy specimen used by Mr. 


Schneidewind is only 730 Vickers Brinell. Either this is an error, or the nitrid- 
ing was far from representative. 
the 
the 


If the case was far from representative, then 
conversion from the Vickers number to Brinell is inaccurate. Moreover, 


hardness of the nitrided case is not uniform throughout the depth of the 
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case. Thus, in making a Vickers impression, integrated values are 
depending upon the hardness gradient. It may well be that the immed 
surface is extremely hard, so that with the microcharacter a relative 
width of scratch ensues and still a low Vickers reading results due t 
hardness immediately under this layer. Thus, it seems to us that 
the hardness of chromium plate is false. We further believe this standard ; 
be unreliable, in that it assumes the Vickers-Brinell relation, which is 


standard by which Mr. Schneidewind attempts to assign an arbitrary 


pur 
empirical. It is hardly to be expected that a definite relation between differ, 
types of material may be obtained when using a pyramid indenter on the ; 
hand, and a sphere on the other. Much more logical is the use of a d 
ball as in the Monotron, where the various factors entering into the 


Bri 
formula are definitely set. 


The use of the microcharacter itself under the conditions described by \{; 


\ 


Schneidewind is open to question, as a sapphire is used instead of a diam 


It is well known that in testing chromium plate with a sapphire on the mic: 


character, wear ensues and corrections for this must be made. The omiss; 


of any reference in Mr. Schneidewind’s paper to wear of the sapphire and | 
any correction is unfortunate. A statement as to the weights used in ¢! 
scratch tests should also be incorporated. We find that a 3-gram weight 


a scratch width on chromium plate insufficient for accurate measureme 


Thus, simply on the score of the microcharacter method as used, the hardnes 


value assigned to chromium plate is open to serious question. It may be 
marked at this time that Mr. Bierbaum has reported chromium plate whi 
cannot be scratched with a sapphire. This throws still further doubt on tl 
use of a sapphire in measuring the hardness of chromium plate. 

The correlation of Mohs hardness with Brinell is also open to questio 
The Mohs hardness scale is such that the relative value of a number at o 
end of the scale such as between 3 and 4, and one at the other end such as 
between 9 and 10, may be vastly different. It is significant that in scratchi: 
chromium plate with a diamond, the diamond is also scratched. I doubt 
there is very much relation between Brinell hardness and Mohs scratch hard 
ness, and in this connection I am reminded of a story which I believe is du 
Mr. Archer. It was found that iron tools used for removing aluminum punc! 
ings from the press scratched the aluminum, the Brinell hardness of the too! 
being greater than that of the aluminum. Accordingly, iron tools were mad 
with Brinell lower than that of the aluminum, and the scratching continu 
just the same. Aluminum tools were then used, and it was found that eve 
though the hardness of the aluminum tools used was more than that of the iro 
tools and greater than that of the aluminum part which was being handled, 
scratching resulted. The lack of relation between scratch and indentation hard 
ness is strikingly illustrated. 

We feel that a very great deal of work is necessary before a Brinell valu 
may be assigned to chromium plate, and that the 625 Brinell of the author 1 
misleading. Indications from comparisons between diamond ball indenters and 
diamond scratch hardness place the average value at something above 1! 
Brinell. We trust that the author will carry on his work with more reliable 
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- and feel sure that if he does so he will find that the average Brinell 
chromium plate is more in accordance with what would be expected 


mmon experience in service. 
Oral Discussion 


H. D’ARCAMBAI Chromium plating is being used more and more by 
so we are always much interested in any papers on this subject. We 
like to ask the author a few questions : 
7 | Is there any advantage to drawing a chromium plated part such as a 
irical plug gage to 200 degrees Cent. for say 24 hours considering that 
rawing treatment has no effect on the original hardness: 

> It is now common practice of automotive concerns in the case of plated 
ts such as radiator shells, etc., to draw these parts to 450 degrees Fahr. in 
as to resist corrosion to a greater extent. What is the answer to that? 

\Why does this drawing treatment result in greater resistance to corrosion? 
3. At times we flash-plate parts in a solution of a different gravity than 
Would the flash-plate say of a 


« ten thousandths in thickness be of approximately the same hardness as a 


solution used for the so-called heavy plate. 


avier plate? Some claim the hardness is the same, others that one is harder 


n the other. Is the author in a position to answer this important question? 
W. J]. Merten:' This paper seems to be of some value aside from the 


onsideration of chromium plating and its hardness. Scratch methods for 
determining hardness of materials is particularly of value in the so-called 
extremely hard water-quenched and tempered rolls for determination of their 
resistance to wear and performance in service. The rolls are used in the cold 


lling of stainless steel strip and other difficult rolling materials. The author 


has established at least some comparative figures which do seem to me worthy 
f consideration. The Bierbaum value or the microcharacter scratch is the only 
measure whereby hardnesses of 106 or 108 scleroscope values can be effectively 


handled, and a comparison with other scales does seem to be essential to the 





© intelligent interpretation of that scale. 

be \ definite formulation of values, at least to some degree comparative with 
the generally accepted values of hardness, is certainly to be welcomed by mem- 
bers of the society who are particularly interested in parts that do not permit 


] 
1 


ndentation measurements to be made upon the surfaces. I have particularly 
S in mind the polishing of roll surfaces to a degree of perfection to permit the 
= retention of mirror polish on material, produced during cold rolling on subse- 
= «uent forming operations for automotive parts, etc. The polishing and buffing 


perations of hard rolls do seem to introduce a flow of metal which apparently 





renders the skin of the rolls soft and the width of the scratch in the curved 


z surface of the rolis is very much greater as compared with the original hard- 
a ness prior to buffing and after the grinding operation. 

Bs | think that we should consider this paper from the viewpoint of the man 
who is in actual need of at least some rough measure of comparison with figures 


the present methods of hardness measures. 


Metallurgist, Pratt and Whitney Co., Hartford, Conn. 


\ssociated with Lyon, Inc., Asbury Park, N. J. 
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C. B. Saptier:* The author of this paper has brought up some 


timely points, and several of those who discussed the paper have emphas 


the more important of those points, particularly the last speaker, Mr. Mer 
who has indicated the difficulties that arise in grinding hardened steel. |; 


quite well known that a soft layer will result at times, and the methods J 
hardness measurements employing loads in excess of a few kilograms t| 
generally speaking, inadequate to show such softness. There are, howey- 

types of hardness testers that have been recently developed and offered for y, 

which will show the hard, or for that matter, the soft superficial conditi 
that is, will give a measure of the hardness of an extremely thin layer, } 7 . 
harder or softer than the underlying layers. While I do not want to appe,, mance 
as leaning too strongly towards any particular make of machine, I do not k; powev 
how to avoid some of that, so I will mention specifically the Monotron tes pave 
which permits of varying loads from a few kilograms up to 160 kil me 


which loads may be applied on a diamond indenter of spherical shape. \Vj 
such a shape, as is also true of the much older type of steel ball Brinell, the 
is a linear relationship between the depth of impression and the load app! 
on uniform material. That can be very conveniently demonstrated at any 

by a very simple manipulation of the Monotron. In the case of the Vicker 
test, due to the shape of the diamond indenter, there is a different geom 
relationship. It is a simple one, however, as is claimed by the makers of } 
machine and as we have verified on a number of occasions. There is a direc: 
relationship between the hardness numeral, which is kilograms per square mi! 
meter of impression, (the same unit used in the Brinell), and the load, fro: 
a small fraction of one kilogram up to 50 or 60, providing the material is | 
form. The numerical values often vary less than one per cent which is my 
better than many other types of commercial testing. 

This brings me to the point at which I started, as to the manner in w! 
thin surface layers of material can be measured when the underlying mater 
is of different hardness. We have abandoned the microcharacter, at least {i 
the time being. We have had it for over a year, and have done only enoug 
work on it to assure ourselves that the agreement was so disappointin 
as to discourage further use. Because we desired to study the hardness 
these thin layers, we investigated the use of the Vickers diamond, which, by t 
way, is relatively inexpensive. You can buy several of them for the price 
one microcharacter diamond and you can have one relaped for almost a nomina 





cost. By means of a special attachment we have used loads as low as one-tent 
of a kilogram; I will express myself in terms of kilograms so you can kee 
mind the order of magnitude which, as you will recall easily, is a very sn 
fractional point of the standard load for the Rockwell C, which is 150 kil 
grams. So then with these values of tenths of a kilogram we are in a positi0 
to measure these thin layers which include chromium plate. We have be 
most successful in using loads of a few tenths of a kilogram in measuring 
chromium plate and can measure quite thin layers. We have found limiting 
thickness values where the underlying material, be it real soft material or be 
hardened steel, exerts no appreciable influence on the hardness value. Inc 


ret. 
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§Metallurgist, Barber Colman Co., Rockford, Il. 
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Showever, that the low coefficient of friction also plays an important part. 
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with these lighter load Vickers tests, the impressions, while not as 
cut and as capable of close and exact measurement as are the larger 
re common impressions, they still permit of reproduction of results to, 
| savy roughly, 1 part in 50, which I think you will agree is much closer 
atin a the hardness measurements which are made at the present time. 


Author’s Closure 


[t would appear from the discussion that many people believe that resist- 


ance to wear of chromium is due to only its hardness. It is very possible, 
Tests 
have been made at the University of Michigan with unlubricated bushings on 
chromium plated shafts. When a bushing “froze” to a plain steel shaft a 
quantity of tightly adherent metal was found on the shaft, which was removable 
On a chromium plated shaft, the worn-off metal would 
be found in a powdery condition capable of being blown off or wiped off with a 
cloth 

In regard to Mr. believe that all of Vickers 
readings were made upon material which was homogeneous and that Vickers 


Jierbaum’s discussion, we 


hardness is sufficiently accurate for nitrided steel since it has been standardized 
The anisotropy of chromium hardly enters into con- 


sideration in our measurements since all of the scratches were taken parallel 


ct 


HO le Ba ROU IRN SR a 


to the plating surface or, in other words, perpendicular to the direction of plat- 
ing. The measurements, furthermore, check those of Grant and Grant and of 
the It is true that the Mohs scale of hardness is not as 
capable of refinement as the microcharacter, but Goldschmidt, in his work on 


Bureau of Standards. 


hardness, has compared hardness with the closest distance between the atoms 
and used the Mohs scale. In order to do this he found standards by which he 
was able to obtain hardness within yo of a point. It is unfortunate that Mr. 
This 
was an especially soft specimen but was in the range comparable with our 
chromium plate. 


Bierbaum is not agreed with our readings as the hardness of nitralloy. 


In response to Mr. Jominy’s question as to the cracks found upon heating, 
they are not due to the difference in expansion of the chromium and of the 
base metal because we pointed out on page 120 of the paper the backing was 
dissolved away before heating. 

This is in answer to Mr. Kinzel’s discussion. The chromium plate de- 
scribed in this paper was produced under commercial conditions. It is very 
possible that if plated from a tri-valent chromium bath the hardness might be 
different. At any rate, the hardness of these specimens check the findings of 
Grant and Grant and of the Bureau of Standards. The specimen of nitralloy 
reported upon was especially soft. It had been in contact with superheated 
steam at 1100 degrees Fahr. for 2000 hours. It was selected because its hard- 
ness was closer to that of the chromium plate than normal nitrided specimens. 

No reference has been made as to wear of the 
character. It may be pointed out, however, that the 
A few hardness measurements on brass 
using it for chromium. The three gram weight, the 


sapphire in the micro- 
instrument is compara- 
have been made before 
only one supplied with 


tively new. 
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the instrument, was used, making the results comparable to those « 
and Grant and of the Bureau of Standards. Although chromium plat 
able of being scratched with the sapphire, may have been reported, the 
author has not found any which could not be scratched slightly with a ¢t 
The author agrees with Mr. Kinzel that microcharacter readings are not 
lated in all cases with Brinell hardness values. It is pointed out in the 
that the scratch hardness measurements do not show the results of cold y 
It is believed, however, that there is a relationship between scratch and 
tion hardness of metals in the fully annealed condition. 

In answer to Mr. D’Arcambal: 

1. Drawing a chromium plated plug gage to 200 degrees Cent., is 


vantageous in preventing cracking. This is especially true if the piece cont 


severe quenching strains. Hydrogen embrittlement due to plating along wi 
these quenching strains might result in cracking. The author once plated 
heat treated belling tool which cracked completely across within two days aft 


plating. A 200-degree Fahr. draw might have prevented this. 


2. A theory explaining the greater resistance to corrosion obtained 


drawing chromium plated radiator shells to 450 degrees Fahr. is not advance 


It might be due to a change in the potential of chromium caused by hydrog 


or to a change in the internal strains of the chromium plate. 


3. Flash-plate is often made in a solution of different gravity than 


plate because for flash plating one wants greatest throwing power. Whe 


making hard plate the operator is willing to sacrifice throwing power and 


specially-shaped anodes. The author believes that the flash-plate is of the sai 


hardness as the thicker plate but due to its extreme thinness the appar 


measureable hardness is more affected by the properties of the underlying 


material. 
We regret that some of the commentors have not observed softening w 
hardening chromium plate. After determinations such as described in 


paper, we have observed hardness changes so apparent that whereas 


original sample would not be filed, the heated sample could readily be scratch 


with a common jack-knife. The specimens are at the University of Michig 


and we will be glad to offer them for the inspection of any one interested. 
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CHARACTERISTICS OF ALLOYED CAST IRON 


By F. W. 


SHIPLEY 


Abstract 


Increased quality which is reflected through higher 
valve seat hardness and improved microstructure can be 
obtained by additions of nickel and chromium to auto- 
motive-type cylinder tron. Different combinations of these 
alloys were used and it was found that a ratio of three 
parts of nickel to one of chromium gave the greatest im 
provement in structure in conjunction with maximum 
hardness. Effect of prolonged heating on three repre- 
sentative plain irons as well as on three nickel-chromium- 
alloyed irons of the same base composition is also shown 
and here again a marked difference ts revealed in favor of 
alloyed irons. A method of producing chilled roller wheels 
by additions of chromium instead of special cupola charges 
is given. This process is capable of more perfect control 
and at the same time produces a superior product. 


HE history of the development of iron for internal combustion 
| engines is one involving the progressively increasing demands of 
industry for better quality, improved structure and greater wearing 
properties because the modern trend is toward smaller but more 
powerful engines, higher compression, higher speeds, more cylinders 
per block and increased combustion temperatures. These require- 
ments having exhausted the ordinary resources of the production 
foundry, it was natural to turn to other available means of improving 
cast irons, thus the use of alloying elements was a consequence. 

For the purpose of determining some of the qualities which 
might be obtained through the use of alloys, the research work de- 
scribed in the present paper was conducted. As each problem was a 
separate and distinct one in itself, they are given separately. The 
author, however, wishes to point out that it has not been his inten- 
tion to purposely omit any one alloy from this work, but rather on ac- 
count of lack of time, to investigate only those which have come into 
more general use in the last decade. 

A paper presented before the Thirteenth National Metal Congress held in 
Boston, September 21 to 25, 1931. This paper was secured by the A. S. S. T. 
ut transferred to the technical program of the Society of Automotive Engi- 
but t f 1 to the tecl l | f the S t \ut t Eng 
neers, Wednesday, September 23, 1931. The author, F. W. Shipley, is a mem- 
ber of the A. S. S. T. and is foundry metallurgist with the Caterpillar Tractor 
Co., Peoria, Illinois. Manuscript received June 20, 1931. 
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EFFECT OF ADDITIONS OF CHROMIUM AND NICKEL ON HARDNEss 


AND STRUCTURE OF CAST IRON FOR AUTOMOTIVE ENGINES 


Due to the difficulties encountered with wearing of valve seats 
of automotive engines and uneven wear of the cylinder bore itself, an 
attempt was made through the use of alloys to increase the hard 
ness and density of the structure beyond a point which had previously 
been considered safe for machineability. Earlier attempts to accom 
plish this through lower silicon content and increased steel content 
had resulted only in machining difficulties due to white or mottled 
sections in thin parts of the castings. 

In an experimental study of this problem five six-cylinder motor 
blocks were poured from each ladle containing compositions Nos. | 
to 5 of Table I. It is to be noticed that the silicon content in the 
regular iron was lowered from 2.34 per cent to approximately 2.10 
per cent in those charges to which the alloys were to be added. 

The purpose of this investigation was to study the hardness and 
chilling effect obtained by increasing the chromium content in incre- 
ments of 0.10 per cent while the nickel content remained the same. 
This, then, would determine just what ratio of nickel to chromium 
would be necessary to prevent machining difficulties. The theoretical 
mixture, however, was not obtained in the case of Mixture No. 2. 

The physical values obtained from test bars which were poured 
from these ladles, as well as the Brinell hardness numbers taken 
at the valve seat of the cylinders are given below. 


Tensile Strength Avg. Brinell 


Transverse 14-12 Inch Pounds per Hardness Number 
No. Stress-Pounds Deflection Square Inch of 5 Cylinders 
1 3025 0.130 28,400 163 
2 3120 0.119 29,000 171 
3 3560 0.150 30,100 178 
4 3650 0.122 35,270 189 
5 3100 0.131 29,660 162 






One cylinder selected as the average of each group was sectioned 
longitudinally through the bore and Brinell readings were taken from 
the head contact face down at intervals of approximately 1! 
These results are as follows: 


4 inches. 


- 





1 2 

167 184 198 22 179 
177 177 187 190 143 
170 170 198 198 141 
164 170 184 194 141 
177 177 181 196 137 
174 178 202 198 163 
177 


Average 172 
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It is significant that cylinders of Mixture No. 1 with a 2.05 per 


nt silicon and 3.45 per cent total carbon having a 3 to 1 nickel- 
1romium ratio gave a variation of 13 points Brinell hardness. Mix- 
No. 2 with practically the same base but a 2.75 to 1 nickel- 


ture 


chromium ratio showed a variation of 20 points Brinell hardness. 


\ixture No. 3 having virtually the same analysis as No. 1 except 
that the nickel-chromium ratio is 2 to 1 gave a difference of 21 points 
Rrinell hardness. Mixture No. 4 is practically the same as Mixture 
No. 2, but with a 1.25 to 1 nickel-chromium ratio gave a difference 
of 37 points Brinell hardness. Mixture No. 5—the plain iron 
showed the maximum difference of 44 points hardness. Mixture No. 
2 gave a 6-point higher average hardness than No. 1 but this is due 
to the 13 points lower total carbon. 

It will be noted that the hardness is quite uniform over each lot 
of alloyed iron cylinders as well as over the bore of the sectioned 
cylinder. In each case a decrease in hardness occurred at the junc- 
tion of the water jacket wall with the cylinder wall, but this differ- 
ence was not so pronounced in the case of the alloyed irons. One 
might infer that Mixture No. 4 would be ideal from a hardness 
standpoint, however Mixture No. 1 showed the least variation. This 
is usually true of the 3 to 1 nickel-chromium ratio. 

The problem then would seem to be one of improving Mixture 
No. 4 so that a uniformly high degree of hardness would result. This 
can be done by raising the nickel content to approximately 1.00 per 
cent, thus obtaining an ideal iron for heavy duty cylinder work. 

Figs. 1 to 10 illustrate the structures prevailing in the cylinder 
casting specimens examined. The details of their structures are de- 
scribed in the captions. 

Mixture No. 2 is the best “soft” iron of the lot. It consists of 


Table | 
Mixture Alloy Iron Analysis 
Per Per 
Cent Cent Per , 
Pig Scrap Cent Total Phos- Man- Chro- 
No. Iron Iron Steel Carbon Silicon phorus Sulphur ganese Nickel mium 
] 35 50 15 3.45 2.05 0.180 0.095 0.60 0.53 0.14 
2 35 50 15 Son 2.05 0.184 0.096 0.61 0.41 0.15 
) 35 50 15 3.43 223 0.185 0.095 0.63 0.51 0.25 
4 35 50 15 3.34 2.07 0.190 0.094 0.62 0.49 0.37 
Plain Iron 
5 35 50 15 3.30 2.34 0.190 0.090 0.64 0.05 0.09 
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Fig. 1—Mixture No. 1 Showing a Spattering of Free Carbide in a Normal Fin 
Grained Matrix. Superior to Regular Iron with Respect to Freedom from Ferrite. x 15| 

Fig. 2—Same as Fig 1. <x 500. 

Fig. 3—Mixture No. 2 Similar to Mixture No. 1. XX 150. Fig. 4—Same as Fig. 


xX 500. 





mal Fine 
X 150 


as Fig. 3 
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earlitic matrix just entering into the sorbitic stage in places, with 

niform distribution of small carbide particles in a field of close- 
crained graphite. The addition of chromium in Mixture No. 3 has 
hardened the matrix somewhat by moving more of it from the pearli- 
tic into the sorbitic stage and also has increased the size of the carbide 
particles. However, the latter effect is no further advanced than 
that which is encountered in the regular iron while the hardness of 
the nickel-chromium iron is 40 to 60 Brinell hardness number units 
greater. 

The regular iron (No. 5) is largely pearlitic. It is studded with 
small particles of carbide which in respect to size would be classed 
somewhere between irons No. 3 and No. 4. It differs from the spe- 
cial irons in the fact that its matrix is expelling free ferrite, un- 
doubtedly on account of the higher silicon content, and also tending 
to concentrate the carbide particles into knots which develop into 
“hard spots.” The presence of free ferrite and also free carbides in- 
dicates that this is an unsafe structure, inclined toward segregation 
and a breaking down under heat into soft spots or hard spots with a 
resultant lack of uniform hardness. 

This experiment indicates that much improvement in the Brinell 
hardness and structure of cast iron can be made with the addition 
of nickel and chromium starting at a point above 0.25 per cent chro- 
mium and maintaining the nickel-chromium ratio at approximately 
3 tol. 


With each increase of 0.10 per cent above 0.25 per cent chro- 


mium the Brinell hardness number will increase approximately 10 


points in a given section of this type base iron. 


IK FFECT OF CHROMIUM AND NICKEL ON THE PHYSICAL STRENGTH 
HARDNESS AND STRUCTURE OF IRON FOR LARGE TRACTOR CYLINDERS 


From the experience gained in the first investigation, several 
large tractor cylinders (cast separately) and the usual test bars were 
poured from a ladle to which had been added sufficient chromium 
and nickel to give a theoretical analysis of 0.35 per cent chromium 
and 1,00 per cent nickel. These were compared with several other 
cylinders cast on the same day from the same base mixture of iron, 
but, however, from a different ladle. Sections were cut longitudinally 
through, the bore and Brinell readings taken at four points equally 
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Fig. 5—Mixture No. 3 Showing Flatter and More Velvety Tone of the Matrix. (a 
bides more Numerous than Mixture No. 1 or 2. X 150. Fig. 6—Same as Fig. 5. X ° 

Fig. 7—Mixture No. 4. An Increase in Sorbitic Areas as Well as Free Carbides A 
counts for Increased Hardness. X 150. Fig. 8—Same as Fig. 7.  X 500. 
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Fig. 9—Mixture No. 5. Similar to Fig 1 but Contains More Free Ferrite which is Due 
to Higher Silicon Content. X 150. Fig. 10—Same as Fig. 9.  X 500. The Circles En- 


close Free Ferrite Areas while the Triangle Encloses Free Carbide Area. 


spaced along the full length of the bore. The following tabulation 
shows this comparison as well as the analysis of the cylinders se- 
lected. 


Cylinder No. 1 Cylinder No. 2 Cylinder No. 3 
Total Carbon 3.49 3.37 3.38 
Combined Carbon* 0.70 0.57 0.49 
Manganese 0.65 0.61 0.62 
Phosphorus 0.157 0.158 0.152 
Sulphur 0.109 0.138 0.141 
Silicon 2.11 1.96 1.93 
Nickel 1.10 0.29 0.30 
Chromium 0.38 0.03 0.03 


217 170 187 

Brinell Hardness Number 196 163 156 
207 156 170 

J 207 179 185 

Average 207 167 174 


“Sample for combined carbon taken midway between head contact face and lower 
junction of water jacket and bore. 


It is readily noted that considerable increase in Brinell hardness 
number has been obtained through the use of 0.38 per cent chromium 
and 1.10 per cent nickel. This is the identical mixture which the pre- 
vious investigation indicated would prove ideal for cylinder work. 
The following tabulation gives a comparison of the physical values 
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between the base iron and the iron from which the experimental cy}. 
inders were poured. Deflection and transverse tests were made on 
the bars “as cast” on supports 18 inches apart. A tensile test speci- 
inen (A.S.T.M. for cast iron) was made from one-half of each bar 
after the transverse tests were completed. 








Deflection in Inches Transverse Tensile Pounds 


1000 Pounds 2000 Pounds Break Stress Per Square Inch 
Base Iron 0.064 0.185 0.268 2457 34,600 
Alloyed Iron 0.074 0.190 0.290 2665 35,975 



































A comparison of the structures of these two irons may be seen 
in Figs. 11 to 14 inclusive. 

It is noteworthy that the alloy in this case has materially in- 
creased the Brinell hardness number of the cylinder as well as the 
transverse and tensile strength and this has been done in spite of the 
fact that the total carbon was 0.12 per cent higher and the silicon 
0.15 per cent higher. 


DISCUSSION OF RESULTS 





From the data of these two similar investigations we learn that 
it is possible to produce practically any desired hardness and struc- 
tural improvement by properly adjusting the base mixture, depending 
on the metal thickness to be cast, then adding sufficient chromium t 
raise the Brinell hardness, and enough nickel to offset the excessive 
chilling effect which would result from additions of chromium alone. 

Nickel alone added to any given base iron of the automotive type 
which is already suitable for a particular casting will not materially 
improve the casting except in machining qualities. In other words, 
either the silicon must be lowered to a point which would be dan- 
gerous and nickel added to offset the chilling effect of the low sili- 
con, or chromium must be added and nickel introduced in an approx 
imate ratio of 3 nickel to 1 chromium to offset the difficulties in ma- 
chining with the addition of chromium alone. 

The latter method is the most practical of application in the ay- 
erage production foundry due to the possibilities of producing many 
different grades of iron from one base. 

We must not lose sight of the fact, however, that whatever al- 
loys are used, the base mixture must be as high in quality as is pos- 
sible to obtain and further improvement made by additions of al- 
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Alloy Iron of Cylinders No. 1. 
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loys. Alloys added to a poor or inferior grade of iron are only 
wasted. 


EFFECT OF PROLONGED HEATING ON THE STRUCTURE, COMBINED 
CARBON AND HARDNESS OF SEVERAL CAST IRONS 


The demand for increased speed and higher engine temperatures 
has created one more problem for the producers; that is, to make an 
iron which will not decrease in hardness when subjected to high 
temperatures for long periods of time. 

In order to determine which type of iron might be the best suited 
under these conditions, six representative types were selected for in- 
vestigation ; three were plain iron and three others were made by the 
addition of nickel and chromium to the ladle from the same heats 
as the plain iron. Table II gives the analyses and physical proper- 
ties of the six irons under investigation, as cast. 

The specimens selected for the subsequent heat treatment were 
114 inches in diameter and 34 inches thick cut from the arbitration 
bars as cast. One set of specimens from each iron was heated in the 
electric furnace for 90 hours at a temperature of 600, 800, 1000, 1200, 
and 1300 degrees Fahr. Brinell hardness determinations were made 
after the first hour of heating, after which the specimens were re- 
turned to the furnace to complete the full 90-hour drawing period. 
Upon conclusion of the 90-hour heating, both Brinell hardness num- 





Table II 
Analysis Transverse 1%4-12 Inch 
be 
< E = a a, 
= = me a os 
= =f s on ‘Ss : > 2» 
=°& 2 2 ° . = . 2 bes = % 
“ e ao cx eo oe - ov on — SS. 
Type of $5 58 5 2 = z © ' 5 So 
Mix. Iron OO OO a Z. O Dn a a nA = 
1 Plain Low $.12 1.09 1.08 4030 0.125 241 29.050 
Silicon 
2 Mixture No. 1 3.10 1.05 $.13 1.21 0.39 4130 0.107 286 31.550 
plus Nickel and 
Chromium 
3 Plain Medium 3.10 0.79 1.69 ee ars 4160 0.138” 228 34.400 
Silicon 


4 Mixture No. 3 3:43 0.90 1.76 1.13 0.45 5030 0.159” 262 44,450 
plus Nickel and 


Chromium 

5 Plain High 3.33 0.67 2.34 — ware 3420 0.129” 183 29,640 
Silicon 

6 Mixture No. 5 3.35 0.82 2.32 0.86 0.41 3715 0.123” 217 34,580 


plus Nickel and 
Chromium 
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Table Ill 


Combined Carbon after drawing at different temperatures 
Degrees Fahr. 


Mixture Type of Iron As Cast 600 800 1000 1200 1300 
1 Plain Low Silicon 1.09 1.14 1.20 1.22 0.09 0.05 
2 No. 1 plus Nickel and Chromium 1.05 LaF 1.09 1.13 0.86 0.70 
3 Plain Medium Silicon 0.79 0.90 0.87 0.48 0.05 0.03 
4 No. 1 plus Nickel and Chromium 0.90 1.03 0.97 0.98 0.34 0.25 
5 Plain High Silicon 0.67 0.65 0.59 0.42 0.05 0.02 
a No. 5 plus Nickel and Chromium 0.82 0.79 0.76 0.72 0.28 0.20 


ber and combined carbon determinations were made on each set. 
The combined carbon determinations were secured in duplicate on all 
the specimens. The average results are given in Table III. 

The combined carbon of the low silicon-nickel-chromium iron 
shows considerable stability when this iron is heated for long periods 
up to temperatures as high as 1300 degrees Fahr. while that of the 
higher silicon alloy irons held up better than any of the three plain 
irons. Of the three regular irons the low silicon is much the better 
having retained its combined carbon up to 1000 degrees Fahr. at 
which point the higher silicon types have lost nearly half of their 
combined carbon. Therefore, it appears that at temperatures below 
the critical of plain iron, the stability of the combined carbon is a 
function of the silicon content. 

Probably the most striking feature concerning this series of irons 
is that the combined carbon of each iron remained at a fairly high 
level at 1000 degrees Fahr. and that it required the 1200 degrees 
Fahr. 90-hour draw to lower it to any serious extent. Still another 
very interesting point is the general increase of combined carbon 
of the two lower silicon irons with the drawing temperatures up to 
800 degrees Fahr. and in some cases up to 1000 degrees Fahr. No 
satisfactory explanation can be given for this peculiar trend of the 
combined carbon in the comparatively lower temperature ranges. 
However, from 1000 to 1300 degrees Fahr. the 90-hour draws have 
an effect upon the combined carbons which in a marked degree favors 
the alloyed irons. Table IV lists the Brinell hardness number deter- 
minations made on the same specimens. 

The Brinell hardness number determinations in general agree 
with the combined carbon shown at the same temperatures, except 
that no increase is noted as was the case in Table ITI. 

In order to prevent so much repetition, only two of the six irons 


were studied microscopically. Those selected were the plain low sil- 
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Table IV 











ll Hardness Number After 90 Hours of Heating 


Degrees Fahr. 


Mixture Type of Iron As Cast 600 800 1000 1200 
| Plain Low Silicon 241 223 223 228 107 
> No. 1 plus Nickel-Chromium 286 260 262 255 179 
} Plain Medium Silicon 228 228 223 203 112 
} No. 3 Plus Nickel-Chromium 262 262 262 255 135 
5 Plain High Silicon 183 183 173 160 114 
6 No. 5 Plus Nickel-Chromium 217 217 212 194 147 


icon, and the medium silicon-nickel-chromium iron. It was felt that 
these two should prove the advantages or disadvantages of the al 
loyed irons with the plain iron placed in the most favorable position 
due to its low silicon content. It is evident from the analyses shown 
that photomicrographs of the others would not have had any specially 
distinctive structures other than those which are shown. Photomic- 
rographs were made of these two trons after each of the following 
treatments. 1. As cast, 2. Drawn at 800 degrees Fahr.—90 hours, 
3. Drawn at 1300 degrees Fahr.—90 hours. ‘These are shown in 
igs. 15 to 20 inclusive. 

The matrix of the plain low silicon iron (Mixture No. 1) in the 
“as cast” condition (Figs. 15 and 16) is found to consist mainly of 
pearlite with little, if any, free carbide. The medium silicon-nickel- 
chromium iron (Mixture No. +) has a pearlite sorbitic matrix 
containing a few free carbides but no free ferrite. Figs. 17 and 18 
show the structure of these two irons after drawing for 90 hours at 
800 degrees Fahr. It is evident that there has been little or no 
change produced with this treatment. 

Drawing the irons at 1300 degrees Fahr. for 90 hours produces 
the structures shown in Figs. 19 and 20. It is seen that the matrix 
of the plain low silicon iron (Mixture No. 1) consists of nearly all 
free ferrite with only remnants of pearlite clinging to the large 
graphite flakes. This same treatment on the medium silicon-nickel 
chromium iron (Mixture No. 4) produces a matrix which although 
largely ferritic still shows an appreciable percentage of pearlite scat- 
tered throughout. 

An outstanding feature of this data is the confirmation of the 
fact that silicon is the most important element to be considered in heat 
resistant irons and that in each case the alloy iron was superior to the 
plain iron of the same, or even lower, silicon content. 

Perhaps the most important relation between high Brinell hard 
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Fig. 15—Plain Low Silicon 
Nickel-Chromium Iron. As-cast. 
Fig. 17—Plain Low Silicon 
Medium Silicon-Nickel-Chromium 
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Fig. 19-—Plain Low Silicon Iron Drawn at 1300 degrees Fahr. xX 500. 


Fig. 20 
Medium Silicon-Nickel-Chromium Iron Drawn at 1300 degrees Fahr. > 500. 


ness number and heat resistant properties exists in the application 


of Diesel engine liners, brake drums, engine cylinders, heads, etc. 


High hardness, if secured by producing a fine pearlitic-sorbitic 
matrix, is considered to be indicative of good wear-resistance. How- 
ever, if the high hardness is produced by free carbides, good wear- 
resistance does not necessarily follow and the carbides may actually 
be harmful, as in the case of brake drums, where it is thought that 
free carbides tend to tear the brake lining. If, in conjunction with a 
high pearlitic sorbitic hardness, the iron possesses good heat resistant 
properties, it is then an ideal material for the applications mentioned. 


PRODUCTION OF CHILLED ROLLER CASTINGS THROUGH THE USE 
OF FERROCHROMIUM 


Rollers or idlers as they might be called support the moving 
track of the track-laying type tractors. They are subjected to ex- 
cessive wear and it is therefore necessary that the depth of chill on 
the face of the casting be maintained within narrow limits. These 
castings are poured in a permanent mold and experience has proved 
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‘hat there is a definite relation between the chill depth on a test piece 
‘soured against a chill and that which is produced in the casting poured 
rom the same ladle. For this reason a chill test piece is made from 
each ladle poured into such castings and the castings are either ac- 
cepted or rejected on the depth of chill obtained from the chill test. 

Formerly it was the practice to make special cupola charges for 
these castings by lowering the silicon content and increasing the 
percentage of steel. Since there are several different sizes of rollers 
varying from 25 to 125 pounds, each requiring the same chill depth 
on the tread, it was necessary to make special mixtures for each 
size to compensate for the difference in weight and section of the 
castings. These special charges were either introduced at the begin- 
ning of the heat or at such a time that they would melt down during 
the lunch hour and so be poured while the remainder of the foundry 
was shut down. Since the tonnage of these castings is small and 
accurate control difficult to obtain, this method was a source of much 
inconvenience in an otherwise continuous cycle of melting. 

It was only natural, therefore, that we should attempt to find 
some method by which we could alloy the regular grade of iron in 
the ladle and pour these special castings at any time during the day. 
Since chromium is a powerful agent against graphitization, it was 
selected as the alloy to be used. 

The test procedure was as follows: From a mixing ladle (3 tons) 
of regular iron a set of arbitration bars, and a chill test specimen 
were poured and designated as “A.” To a ton of iron from this 
same ladle 15 pounds of 70 per cent ferrochromium was added and 
To still an- 
other ton of iron from the same large ladle 25 pounds of ferro- 


a similar set of castings poured and designated as “B.”’ 


chromium was added and another set of castings poured and marked 

Analyses of millings taken from the fractured ends of the 
transverse bars are given in Table V. 

Table VI gives a comparison of the physical values obtained from 
the test bars poured from these different grades of iron. 

The chill depth and hardness of chill as determined on the 
standard chill test specimens are shown in Figs. 21, 22 and 23. Rock- 
well “C” readings ;'g-inch apart were taken in the center of the cross 
section shown after polishing. 


Hardness tests were made on a section through the hub and 
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Table V 





Per Cent 













Total Combined Man Phos 
Iron Carbon Carbon Silicon ganese phorus Sulphur Chromium  Nicl 
A 3 43 0.65 2.04 0.63 0.160 0.120 0.05 0 
B 3.40 0.79 2.02 0.62 0.163 0.125 0.51 0.1 
C 3.44 0.91 2.00 0.61 0.159 0.121 0.87 0 





tread of a typical roller poured with chromium-treated iron. The 
average hardness on the hub ends before machining was 217 compared 
to 179 for rollers taken from regular production which had been 
made from the special cupola charges. As the results of this test 
proved very favorable, this method of producing these grades of 
iron was adopted and has been in regular use for some time. 


Table VI 









Transverse—Standard Bar 18-inch Centers 










Defiection—lInches Transverse Tensile Pounds 

lrons 1000 Pounds 2000 Pounds Break Stress-Pounds Per Square Incl 
A 0.064 0.185 0.268 2450 34,600 
B 0.057 0.152 0.234 2600 40,200 
Cc 0.049 0.129 0.216 2625 41,450 








In addition to producing a chilled casting of superior quality it 















lends itself to simple control as in regular production the amount of 
ferrochromium added in the alloying process is varied inversely as 
the depth of chill which is obtained from the regular iron at that 
particular time. 

Table VII gives a comparison of values obtained from a num- 
ber of test bars poured over a period of approximately six months, 
during regular production by the old and the new method for grade 
No. 1. 

Table VIII gives a similar comparison for No. 2 grade. 

This particular experiment affords a good opportunity for study- 
ing the effects on combined carbon and physical values which maj 
be obtained by the addition of ferrochromium to cast iron of medium 
silicon content. The increase in combined carbon has been marked 
and almost directly proportional to the amount of chromium added, 
while at the same time a corresponding decrease in deflection is noted. 
This is in direct contrast to the action of nickel. 

It is also of interest to note that chromium-alloyed iron pro- 
duces greater hardness at the face of the chill which is indicative of 
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ALLOYED CAST IRON 


Table VII 
No. 1 Grade 
Pig 4714% Scrap—22%.% Steel) 
Chill Deflection 
Ni. Depth 1000 2000 Break 
12 ve” .055” .157" .230” 
11 4” .069” 167" .229” 
.0O8 in” 065” 165" Rtg 
.O8 Ps” O72 .204” .246” 
.14 -— .060” .160” ais” 
10 38" 064% 3.171" 232” 
BASE IRON 
Pig—52'4%.% Scrap—12%.% Steel) 
(Plus Ferrochromium) 
.14 in" 061” 62" 249” 
19 ye” 060” .160” .241” 
a) )=—ha)| oe Le 
17 ve” .047” .141’ aan 
.30 ve" 040” tan 22° 
.10 Ve’ £065” 169” asa” 
23 ye" 064” 52" 242” 
.28 fs” .061” .146” .240” 
21 eg” .056” 156" 20° 
Table VIII 
No. 2 Grade 
20% Other Pig—35% Scrap—35% 
Chill Deflection 
Ni Depth 1000 2000 ~=Break 
12 te” .601” .166” .240” 
10 9” 057” .158" .210” 
; te” .062” ass” aa" 
10 44” .064” .162” .235” 
3 3" 062” .160” .226” 
ll yn” .061” .160” 226” 
BASE IRON 
Pig—524%% Scrap—124%4% Steel) 
(Plus Ferrochromium) 
12 #8” 051” .313” .191” 
.50 44” .050” .120" 292° 
an Ye” .050” 141” el 
21 $%” .045” 124” 200” 
.24 5%” .049” 129” .216” 


chill depth made by the old method. 


Transverse 
Stress 
4 S 
2400 
2450 


2560 

A 
2650 
2640 
2735 
2535 
2610 
2700 
2620 


Steel) 

Transver 
Stress 
2425 
2350 
2300 
2560 
2360 
2400 


2540 

2625 
2660 
2640 
2616 


se 


l 


Tensile 
bs./sq. in 
35,900 
37,400 
37,475 
34,750 
35,600 


36.225 


37,700 
38.200 
41,700 
42.000 
43.100 
39,000 
42.500 
43,000 
40,900 


Tensile 
lbs. 
38,300 
36,500 
38,500 
39,725 
37,600 
38,125 


sq. mn 


39,200 
43,700 
42,900 
41,400 
41,800 


The general averages prove the chromium-treated iron to be ap- 
proximately 6000 pounds per square inch stronger than the regular 
cast iron and even 4000 pounds per square inch stronger than a 
lower silicon iron of higher steel content. 
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Figs. 21, 22 and 23—Showing the Results of Hardness Tests 


Made on Standard Chill Test Specimens. Rockwell C. Readings 7, 
inch Apart were Taken in the Center of the Cross-Section After 
Polishing. Fig. 21—Iron ‘“‘A”’ Chill Depth % Inch. Fig. 22—Iron 
“B” Chill Depth #; Inch. Fig. 23—TIron ‘‘C’’ Chill Depth ,-Inch. 


GENERAL SUMMARY 


Chromium in iron increases the hardness, strength, etc. by com- 


bining the carbon and producing a more stable double carbide o! 
iron which crystallizes out with the pearlite, while nickel tends t 
A combination of th 


dissolve this free cementite, forming pearlite. 
two alloys in the ratio of approximately 3 nickel to 1 chromium wi 
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] -oduce an iron for automotive type cylinders which is superior to 
iron with respect to hardness, strength and microscopic struc- 

The percentage increase of these properties varies as the per 
cent of alloys uesd. 

Increased Brinell hardness if accompanied by excessive free 
cementite is not desirable, but when produced by a pearlitic or pear- 
litic-sorbitic structure it 1s an indication of increased quality. 

Nickel-chromium alloyed irons are much superior with respect to 
heat resistant properties than ordinary irons. 
Irons alloyed with chromium produce a superior chill and afford 


4 practical method for production of special castings of this type. 
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DISCUSSION 


Written Discussion: By V. A. Crosby, foundry metallurgist, Stude- 
baker Corp., South Bend, Ind. 

Mr. Shipley’s paper has been well written and covers the subject of 
chromium-nickel alloy cast iron very well. It is regretable that molybdenum 
and vanadium were not included since they are most assuredly alloying ele- 
ments of considerable importance. Molybdenum with nickel has remarkable 





physical properties. The cost, however, is somewhat against it. 
In the first paragraph, speaking of greater hardness, greater wearing 





properties and improved strength for automotive castings, | do not agree with 


Tests See the statement “these requirements had exhausted the ordinary resources of the 
a. oe . om - 7 
ae ™ production foundry,’ for the reason that the total carbon content mentioned 
nee Se under the heading “plain cylinder iron” is so high that it could hardly be labeled 
icn. i: 


the last word in cupola practice. It has been our experience that total carbon 

percentages in excess of 3.30 per cent are unsatisfactory for automotive cylinders. 

¥ The use of chromium and nickel as an alloying agent in cast iron has been 

a pretty well demonstrated and little argument can be offered against its use 

= ¢xcept from an economical standpoint. Whether it is worth the difference is 
carbide of = =the problem that is ever with us. 


‘tc. by com- 


On page 142, we note that a 0.24 per cent reduction in silicon was made 
in these charges to which the alloy was added. These results could hardly 
be classified as comparable. 


el tends t 


ation of th 


ea ah earls. 


‘omium will 


Our experience indicates that a great improvement in structure can be 
made in automotive cylinder iron by lowering the total carbon to 3.00 or 3.10 
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carbides of iron and chromium. The 















































broken down into pearlite and ferrite. 

















of the hard stable carbides of chromium. 











Co., Ardmore, Pa. 























to be borne in mind. 
































iron of a similar base material indicate 




















in service. 









hardness better under heat in service. 


The author presents data (page 156) 


photomicrographs 
chromium-iron carbides exist even with the addition of 


use of alloys for producing better gray iron. 


that the 


THE A. 


oe as 





per cent. The writer would not advise going any lower because of ¢: 
showing up in the castings. We have no trouble securing 190-202 Brinel| 


cylinder block bores using a plain cylinder iron with 3.10 per cent carbo: 


We agree with the author that there is an increase of 10 points Brine! 


gains and the proper procedure to be used in their attainment. 
significance are the statements in his discussion on page 148. 


further 


For its possible value as an addition to the author’s data, we are 


nickel. 


iron 





gave 228 in the bore with, of course, increased difficulties in machining. 


for each 10 points of chromium addition, and that there must be twice ; 
three times as much nickel used as chromium to break down the stable douyb) 


show that ma 


molten iron, per cent of nickel and the content of chromium added. Hot iro 


The author’s statements at the bottom of page 148 and at the top of pag 


De mber 





1.90 per cent silicon. This same iron with 0.25 per cent chromium additio, 


The breaking 
down into pearlite and ferrite is in direct relation to the temperature of th 


is necessary with any alloy addition, but especially so with chromium additions 
150 are well taken and in line with the generally accepted attitude toward th 


The writer is of the opinion that chromium either alone or in combination 
with other elements should not be added to motor block because of the 


ever present double carbides of iron and chromium which may or may not | 


” 


Some very remarkable results are being obtained by the use of nickel and 
molybdenum in the ratio of 1:1. These results are obtained by strengthening 
the metallic matrix of the metal and results are not dependent upon dispersio: 


Written Discussion: By W. J. Diederichs, metallurgist, The Autocar 
The author is to be congratulated for a clear demonstration of the improve- 


ment to be made by the alloying of cast irons and for a restatement of thes 


Of particular 


These statement 


which clearly indicate that chr 
mium increases hardness and strength sharply and reduces deflection below 
that of the plain base iron. He points out that it increases chill. 


addition of nickel 
increases the deflection beyond that of the plain base iron and it reduces chill 
and the nonuniformity of properties throughout an intricate casting. 


appear to us to be a clear-cut concise summary of the proper considerations 


It neces- 
sarily, therefore, increases nonuniformity of properties in an intricate casting 
Data (page 148) showing the effect of adding nickel to a chromium bearing 


These results are important in a casting such as a cylinder block subject 
to differential chilling as cast and to differential heating and therefore stressing 


The nickel-bearing irons show an advantage against subsequent warping 
and cracking in such service and, as the author demonstrates, they hold thei 
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1e analysis which experience has indicated to us is excellent for cylinder 

These blocks are annealed at 900 to 950 degrees Fahr. to relieve 

ne stresses and minimize warpage in service. Hardness is held to limits 
225 Brinell and the blocks offer no undue machining difficulties. 


Constituent 


Total Carbon 


Manganese 
Silicon 
Phosphorus 
Sulphur 
Chromium 
Nickel 


Specified 
Per Cent 
3.4 Max. 
0.50-0.70 
Open 


0.20 Max. 
0.12 Max. 


0.35-0.60 
1.25 Min. 


Usual 
Per Cent 
3.2 -3.35 
0.60-0.65 
2.1 -2.25 
0.14-0.16 
0.09-0.12 
0.45-0.55 

5 


1.30-1.4 


The transverse test of this material will consistently show 3800 to 3900 
pounds and 0.11-0.12 inches deflection on 114-inch bars on 12-inch centers. 

lhe part of the paper concerned with the effect of annealing various cast 
irons is very interesting but extremely puzzling. We would expect the micro- 
scope to show the presence of ample excess carbides in low silicon plain or 
alloyed irons, as mix #1, but Fig. 15 shows none and the author states that 
practically none is present. Still, he reports the combined carbon as 1.05 to 
1.09 per cent and this is decidedly beyond eutectoid concentration. 

After heating at low temperatures he reports an increase in combined car- 
bon but no change in structure. Certainly combined carbon in such quantities 
should show up as excess carbides for the eutectoid ratio of cast irons is ad- 
mittedly lower than 0.9 per cent carbon. We believe that full pearlitic matrix 
in cast irons is usually obtained when combined carbon runs between 0.6 and 
0.8 per cent. We feel that the combined carbons reported do not agree with 
the structures shown and, further, unless cooling rate was retarded, the struc- 
tures shown for the low silicon mixes and possibly the medium silicon mixes 
do not appear normal. As stated, we would expect to find excess carbides in 
the structure. 

That combined carbon increases upon low temperature annealing of medium 
and low silicon irons is difficult to believe and will require further verification. 
We know of no other observations of a similar nature. Iron carbide, however, 
is not stable at temperatures below the critical and should break down to fer- 
rite and graphite upon heating, as it evidently does in this case at temperatures 
above 1000 degrees Fahr. There is no obvious reason why it should act other- 
wise at lower temperatures if any change occurs at all. Since hardness in 
cast irons is in general directly proportional to the amount of combined car- 
bon present, the author’s Brinell data indicate that the combined carbon de- 
creased rather than increased. 

We are particularly interested in the change in Brinell hardness obtained 
upon annealing. These data indicate that any cast iron drops off sharply in 
hardness when heated for long periods above 1000 degrees Fahr. and in com- 
mercial mixes the drop starts at lower temperatures. The author does not 
report the hardness results obtained after one hour of heating but they no 
doubt follow the same general trend, possibly showing analogous reductions in 
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hardness at somewhat higher temperature. 
results obtained. 





We would welcome a report 


The present trend in cast irons is to the high strength type of either 
plain carbon or alloyed variety. Not infrequently, machining difficulties , 
encountered due to chill or hard spots (both due to excess carbides) and ¢| 


difficulty 1s overcome by annealing. Temperatures in the red heat are x 
quired to eliminate hard spots and to correct the machining difficulty and thes 
data indicate that the drop in hardness is excessive. The drop in hardness js 


due to breakdown of carbides and pearlite and is associated with a reductio 


in physical properties and wear-resistance. We question the advisability 0; 









ever annealing a casting to eliminate hard spots, even in alloyed irons wher 
strength is better maintained, if strength is of importance in the applicatior 
and feel that it is better practice to hold castings a little on the soft side s 
that annealing for machinability does not become necessary. We believe that 
annealing of cast irons should only be carried out for relief of casting stresses 
and then at temperatures preferably not higher than 900 to 1000 degrees Fahr 

Written Discussion: By H. H. Ashdown, Westinghouse Electric and 
Manufacturing Co., East Pittsburgh, Pa. 







This paper is of particular interest to makers of cylinders and cylinder 
blocks for internal combustion engines. There is no room for question of th 










marked advantages of the addition to cast iron of nickel and chromium in the 
proportions outlined by the author. 

This alloy cast iron has unquestionably overcome many of the difficulties 
previously encountered under service conditions, the valve seat not only gives 
longer life by resisting deformation due to hammering but also one of th 
major difficulties, resistance to “pick-up” from the valve seat has been success- 
fully overcome. Machining is more uniform and the cylinder walls present a 
smoother wearing surface and give longer life. 











The writer would like to learn from the author if in his experience wit! 
this alloy he has noticed any marked difference in the general qualities of the 
cylinders by varying the casting temperature and at what temperature he has 
obtained the best and most consistent results. 

The addition of calcium silicide to alloy cast iron shows, on physical 
properties, the same improved relative values as when added to straight grey 
iron and it would be of interest to learn if the author has found the properties 
to be further enhanced by this addition, 

Written Discussion: By C. O. Burgess, Union Carbide and Carbon Re- 
search Laboratories, Long Island City, N. Y. 

Mr. Shipley’s able paper is timely in view of the wide interest in alloy 
cast iron. The fact that the foundryman must take advantage of the superior 
properties conferred on cast iron by certain alloy additions, in order to obtain 
greater wear-resistance, improved structure and resistance to high combustion 
temperatures, is brought out by the author. It is significant that the author 
has found that the addition of chromium is the most effective agent in the 
improvement of cylinder iron. 











On page 142 of the paper he gives hardness figures on a series of cylinders 
cast from irons of varying alloy content. 





Cast iron No. 4 containing 0.37 
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cent chromium and 0.49 per cent nickel is found to be ideal from a hard- 
standpoint but is criticized as showing variation in hardness through the 
th of the bore, although this variation is less than that shown by unalloyed 
However, if the Brinell values on the cylinder cast from mixture No. 4 
examined, it will be noted that with the exception of the extreme readings 
-en at each end of the cylinder the variation along the bore is only 8 points 
Rrinell hardness. That is, in the main section of the bore the evenness in 
irdness is equal or superior to that of cylinders cast from any other mix 
nsidered. The maximum hardness at the extreme ends of the cylinder made 
rom this mixture No. 4 is only 26-32 Brinell points higher than the average 
hore hardness and exceeds the hardness of cylinder No. 1 (page 147), par 
ticularly recommended by the author, by only ten Brinell points. In this 
regard it is of interest to note, that cast iron hardened by chromium additions, 
up to at least the maximum hardness (227 Brinell) exhibited by this cylinder, 


Mixture No. 4 also 


possesses the greatest strength of any of the cast irons of this series, the 


does not show any serious loss in machining qualities. 


strength of the cast iron increasing with increase in chromium content. 

It is again evident in this paper as in previous investigations that chro- 
mium is a most active agent in preventing deterioration and consequent wear 
of cylinders under the effect of heat or high combustion temperatures. 

In view of Mr. Shipley’s reported results and recent work by Th. Klingen- 
stein in which he finds that chromium is all important when considering wear 
or heat resistance, it would seem evident that much greater stress should be 
placed on the chromium content of cast iron. Excellent results can evidently 


be obtained by the use of chromium, alone or in conjunction with small 


amounts of other alloying agents. 


Author’s Closure 


We have not done enough work with vanadium to be able to discuss it 


freely. However, we have conducted a few experiments which might be 

rather interesting with respect to molybdenum. 

These 
The 


analysis and physical properties obtained from test bars of these irons are 


Four alloy cast irons were made from the same ladle of base iron. 
were molybdenum, chromium, nickel-molybdenum and_nickel-chromium. 


as follows. 


Name Deke Soka Bs Mn. P. 4 Cr. Ni. Mo. Defl. Tens. 
Base Iron 3.30 22 2.10 .62 .160 .160 .05 34 ; .270 34450 
Base Iron and Mo. 3.30 81 2.10 .62 .160 .160 05 34 31 .317 37900 
Base Iron and Cr. 3.30 -76 2.10 .62 .160 .160 .44 .34 ose 1000 greee 
Base Iron and Ni-Mo. 3.30 40 2.10 .62 .160 .160 6s Las 37 .294 42450 
Base Iron and Ni-Cr. 3.30 80 2.10 62 .160 .160 .46 1.14 .262 37350 


In addition to the increase in physical properties which is indicated in the 
table, 
to break up graphite and distribute it uniformly over the field. 


above show the tendency of molybdenum 


photomicrographs strong 
In this respect 
we might add that the nickel-molybdenum iron was almost ideal in structure 
but of course the cost of an iron of this kind is nearly prohibitive. 


I will agree with Mr. Crosby that iron containing over 3.30 per cent total 
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carbon is not as desirable as one below that figure. However, I still 
that irons containing 3.00 to 3.10 per cent total carbon can be still further 
proved by the use of alloys. 

In view of the thousands of chromium-alloyed cylinder blocks which ha) 


ld VE 


proved their value on actual road tests, I believe Mr. Crosby has made 
pretty strong statement when he says that “Chromium either alone or in ¢ 
bination with other elements should not be added to motor block iron.” 


In reply to Mr. Diederichs’ question concerning the high combined carbo; 


on 
il 


I will say that the cooling rate in the low silicon irons was rapid enough | 
hold combined carbon slightly above the pearlitic concentration limit and thy; 
the structure does not show excess free carbide. In other words it is not a 
true pearlitic structure but is slightly sorbitic. The solubility of combined 
carbon in low silicon irons is slightly higher than in high silicon irons. 

In reference to Mr. Ashdown’s discussion may I say that we have never 


done any work with varied casting temperatures since it is absolutely necessary 


to get the iron as hot as possible in order to dissolve the alloy and still main- 
‘ain high enough temperature to pour an intricate casting. The temperatur 
10rmally at the spout is 2800 degrees Fahr. or better before the alloy is added 

Neither has any work been done with the addition of calcium silicide to all 
cast iron. 

In answer to Mr. Burgess’ discussion it has been our experience with re- 
spect to cylinders that any addition of chromium which is not offset by addi- 
tional silicon or nickel will cause considerable difficulty in machining at the 
usual production rates. 
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- IDENTIFICATION OF INCLUSIONS IN 
Stull Deliey, 
further ; 


m 
hill- 


By LELAND E. GRAN’ 

which hay: 

has made 2 ’ Abstract 

> OF in com. . 

ron.” | Examination of inclusions at high magnification shows 
ined carbo 2 them to be nonhomogeneous in many cases. The various 
d enough 1 4 etching reagents used in the systematic examination of 
nit and thus 4 inclusions for their identification % applied to inclusions 
it is not a a containing two or more phases. The results are shown in 
of combined 3 1 series of photomicrographs. It is suggested that addi- 
ons. 4 tional and more selective reagents are required before 
have never [am complete identification of the phases of complex inclusions 
ly necessary [am can be established with certainty by etching tests. 
1 still main- i 


Oy is added 


temperature Er r connection with the examination of many failed parts from 
cide to all \ 


locomotives and cars, also from other sources, the author has had 
occasion to attempt to determine the nature of the inclusions found in 


ice with re- 4 the metal. The method of Campbell and Comstock', as modified by 


set by addi- = WWohrman?, was used. It was found to be satisfactory only for 
ning at the © making broad distinctions, as, for example, between oxides, sulphides, 
and silicates. While this perhaps is about all that is claimed for it 
there appears to be possible a refinement and elaboration of the gen- 
eral scheme which would make it satisfactory for finer distinctions. 
It is the purpose of this paper to point out some of the distinctions 
that appear desirable. It will also be shown that inclusions in com- 
mercial steels are not always the comparatively simple substance 
one might conclude them to be from the methods proposed for their 
identification and from microscopic examination of transverse 
specimens at low magnifications. 

The matter of inclusions in steel has become increasingly 1m- 
portant with the growth of the demand for clean steel, especially 
for critical forgings. Specifications including this feature are be- 
coming increasingly common. Due to the lack of precise informa- 

Campbell and Comstock, ‘‘Method for the Identification of Non-Metallic Inclusions in 

1 and Steel,”’ Proceedings, American Society for Testing Materials, Vol. 1, 1923, p. 521. 

‘CR. Wohrman, “Inclusions in Iron,’ Transactions, American Society for Steel 


lreating, Vol. XIV, 1928. 


A paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1931. The author, Leland E. Grant, is a mem- 
ber of the society and is chief chemist, Chicago, Milwaukee, St. Paul and 
Pacific Railroad Co., Milwaukee. Manuscript received June 18, 1931. 
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tion on the subject only general terms can as yet be used in gy 
specifications. The total quantity and distribution of foreign pay. 


ticles are the chief concern of the consumer at present, although 


probably is true that all inclusions differ to some extent in the) 
harmful effects on the metal. But before it will be possible to q, 
termine the effect of various types of inclusions on steel, desirabj 
as this is, a means of identifying the various types of inclusions mug 
first be available. It is also apparent that inclusions cannot be ey. 
pected to be simple substances. In any of the steel-making methods 
binary and ternary inclusions can be looked for since oxides of silico) 
iron, and manganese are certain to be present as well as sulphides 
Not only for identification is such a system desirable but it would als 
be of value to the steel maker in his efforts to eliminate inclusions 
as completely as possible. 

It is assumed that the reader is somewhat familiar with th 
systematic method of identifying inclusions referred to above. Fo: 
convenience, however, there is presented below a list of the reagents 
referred to in this paper and the time required for etching. 


Reagent Concentration Time Applied 
Nitric Acid 10 per cent in alcohol 10 seconds 
Chromic Acid 10 per cent in water 5 minutes 
Alkaline Sodium 25 grams Sodium 
Picrate Hydroxide 

2 grams Picric Acid 

Water to make 100 c.c. 5 minutes (boiling) 
Stannous Chloride Saturated solution in 

alcohol 10 minutes 

Hydrofluoric Acid 20 per cent in water 10 minutes 


These were applied in the order given and it is understood that 
where a specimen is mentioned as having been etched in any of the 
reagents it had previously been etched in all those above it in the 
table. Sulphur printing was a separate test and was made on the 
specimen as polished. No further tests were made on such a specime! 
before repolishing. 


SULPHIDE INCLUSIONS 


A typical sulphide inclusion before and after sulphur printing 
for 20 seconds with 2 per cent aqueous sulphuric acid is shown in 
Figs. 1 and 2. It will be noted that the inclusions were not a singk 
substance, as small black particles can be seen adhering to the mat! 


masses of impurity. The inclusions were removed by sulphur print 
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ing showing that they were sulphides. Fig. 3 shows clearly 4 
laminated structure frequently seen in sulphide inclusions. Wha 
are the phases of the eutectic in such a case? Are they iron sulphide 
and manganese sulphide as might be expected? In this particula; 
case the steel was low in sulphur (0.02 per cent) and moderate) 
high in manganese (0.75 per cent) so that but little FeS could be 
expected. And since FeS and MnS form solid solutions up to a 
least 24 per cent FeS* there seems to be no probability of the inclusio, 
containing this eutectic. Incidentally the eutectic balls up readil 
instead of forming the normal laminated structure. Pure FeS is no 
attacked by sulphur printing, it is true, but when it is present as one 
of the sets of plates in such a fine structure as is shown here it is all 
removed by sulphur printing. This must be partly mechanical. It js 
understandable that if only one of the sets of plates in such a fine 
structure were vigorously attacked by the acid the other set might 
readily fall out at the same time. 

In Fig. 4 the effect of etching a sulphide inclusion successivel) 
with nitric and chromic acids is shown. The nitric acid brought out 
the ferrite envelope that is often found around sulphides but did not 
attack the inclusion. Chromic acid dissolved the inclusion completely 
but did not attack the ferrite sheath. The easy solubility indicates 
that the inclusion was rich in MnS and these sulphides are quite 
likely to be solid solutions of FeS in MnS. A portion of the ferrite 
envelope was carried away by the chromic acid treatment but there is 
no reason to believe that it was dissolved. Solution of sulphide be- 
neath it probably left no support and it simply fell out. This bears 
out the suggestion of mechanical loss made above in connection with 
the etching of MnS-FeS eutectic. 

These ferrite sheaths around sulphides are stained orange by 
etching in Whiteley’s® antimony reagent. Mahin’s® modification oi 
the reagent is in general more satisfactory to use. It appears to be 
well established by Mahin’s work that these ferrite sheaths are 
high in sulphur. They are not often seen around either oxide or 
silicate inclusions. An exaggerated case of such a sheath is shown 
in Fig. 5 and indicates that the harmful effect of an inclusion is not 
necessarily restricted to the actual volume occupied by it. 


‘Z. Shibata, “The Equilibrium Diagram of the FeS-MnS System,’ Science Report 
Tohoku Imperial University, Vol. 7, No. 4, 1928, p. 291-8. 


5J. Whiteley, Journal, West of Scotland Iron and Steel Institute, Vol. 24, 1917, p 


®E. G. Mahin, Chemical and Metallurgical Engineering, Vol. 27, 1922, p. 980. 
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IDENTIFICATION OF INCLUSIONS IN STEEI 


Fig. 5—Photomicrograph Showing Exaggerated Example of Ferrite Sheath 
Around a Sulphide Inclusion, x 1000. ; 

Fig. 6—Photomicrograph of a Duplex Inclusion Unetched, x 1000. 

Fig. 7—Photomicrograph of an Oxide-Sulphide Inclusion Etched in 10 Pet 
Cent Nital, «1000. 

Fig. 8—Photomicrograph of Sulphide Inclusion in Cast Iron After Etching 
in 10 Per Cent Nital, x 500. 


Fig. 6 shows what was presumably the result of several small 


particles coalescing to form an inclusion. The matrix was a sulphide, 
as shown by the chromic acid attack, but the nature of the dark 
crystals could not be determined as they disappeared in the etching 
with chromic acid, although it is extremely doubtful from their color 
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and crystal shape that they were sulphides. Etching tests show th, 


these dark crystals are in most cases composed of oxides, ] 


solid solutions of FeO and MnO. Fig. 7 shows another inclusion 
the same type but with the sulphide constituting only a small are, 
The bulk of the inclusion was unattacked by chromic acid etching py 
was deeply etched by the alkaline sodium picrate. This confirms why 
was suggested above that the dark material associated with the sy 
phide was oxide and in this steel undoubtedly rich in manganey, 
oxide. There is a possibility that the inclusion was a silicate ; 
sodium picrate attacks certain silicates to some extent. It will, hoy. 
ever, be seen later that this inclusion was not typical of the silicate: 
in this acid open-hearth steel. If it contained silica the proportic, 
must have been very small. 

Fig. 8 shows unusual sulphide inclusions in cast iron. Althoug! 
this metal frequently contains as much as 0.2 per cent sulphur it js 
seldom that microscopic examination will show anywhere near th 
quantity of sulphide inclusions that would be expected from th 
composition. Yet on sulphur printing an extremely dark print is 
obtained. It is possible that much of the sulphur is associate 
mechanically with the graphite and is not easily found nor identifie 
after polishing for microscopic examination. That the inclusions 
shown in Fig. 8 were sulphides is proved by the result of etching in 
chromic acid. The iron in which these inclusions were found ha 
the following composition and was very slowly cooled from a hig! 
temperature. 

Per Cent 
Total carbon 2.37 
Combined carbon 0.71 
Graphitic carbon 1.66 
Manganese 0.78 
Phosphorous 0.100 
Sulphur 0.107 
Silicon 0.96 

Possibly the slow cooling accounts for the unusual formation 0! 
the sulphide. 


SILICATE INCLUSIONS 
A different type of inclusion is shown in Figs. 9 to 12. This 
was observed in acid open-hearth steel similar in composition 
that mentioned in the discussion of sulphides. Here the attack by 
chromic acid was very mild and confined largely to the gray back- 
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Photomicrograph of Duplex Silicate Inclusion Etched in 10 Per Cent Nital, 


_ 10—Photomicrograph of Same Specimen as in Fig. 9 After Etching in Chromic 
Acid, X ; e . ; : - . . . > 

Fig. -Photomicrograph of Same Specimen as in Fig. 10 After Etching in Picrate, 

SUU, J ; ; ; 

Fig. Photomicrograph of Same Specimen as in Fig. 11 After Etching in Stannous 
Chloride, X 500. 
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eround. This inclusion did not have the usual appearance of a 


ormation 0! sulphide but may have contained dissolved sulphide. Picrate also 
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attacked the gray background, indicating that the gray was a solid 
solution containing oxide and sulphide. The white needles were 
attacked by stannous chloride and dissolved by hydrofluoric acid, in- 
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Fig. 13—-Photomicrograph of Eutectic Silicate Inclusion Etched in Sodium 
Picrate, xX 400. 

Fig. 14—Photomicrograph of Complex Silicate Inclusion After Etching in 
Stannous Chloride, x 400. 
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e present in the inclusion. In acid open-hearth steel at least 
primary silicates are possible. These are fayalite (2 FeQ-SiO,), 
| tridymite, a high silica phase, in the FeO-SiO, system; and the 
’ mpounds tephorite (2 MnO-SiO,), and rhodonite (MnO-SiO,), 
and a high silica phase, also called tridymite, but having MnO instead 
of FeO, in the MnO-SiO, system. There are three binary eutectics 
and in addition there are the possible ternary phases which have not 
been extensively investigated. There is no ternary eutectic, however, 
since there is no eutectic in the FeO-MnO system. One stable ternary 
compound appears to exist having a composition 2 MnQ-FeQ-SiO,’. 
In view of this it would not be surprising to find two silicates co- 
existing in the same inclusion and that it is not uncommon is shown 
by the photomicrographs Figs. 9 to 14 which are typical. 

Fig. 14 shows a quite complex silicate inclusion after etching 
in stannous chloride. It contained sulphide, nitride, an eutectic, 
sharp angled crystals, similar to the white needles in Fig. 9, and a 
matrix rich in silica. Complete identification of such a complex 
inclusion could hardly be expected from a few etching tests. It is 
worthy of note that in this case picrate etching did not show any 
marked attack on the large gray areas, nor did stannous chloride 
attack the light sharp angled crystals. Though this inclusion was 
found in the same open-hearth steel as those above it seems to have 
differed somewhat from them. Possibly part of this difference is to 
be accounted for by the relatively massive form. 

Examination of numerous inclusions of this type has shown that 
in general they are composed of at least two phases. There is a 
gray or dark background attacked by alkaline sodium picrate and a 
lighter phase unattacked by picrate but quite strongly attacked by 


stannous chloride. Etching, therefore, indicates that the gray con- 
tains more or less MnO while the light phase is richer in FeO. The 
results obtained by etching are not uniform as the phases appear to 


differ in the various inclusions in their resistance to the reagents. 
The assumption that these phases are solid solutions of variable silica 
content, therefore, appears justified. More selective or distinctive 
etching would enable more complete identification to be made. 

A different type of silicate inclusion is shown in Figs. 15 and 16. 
This was found in the metal of a weld made between two thin low- 
carbon sheets by the electric arc process using a coated rod. None 


Herty and Fitterer, “New Manganese Silicon Alloys for the Deoxidation of Steel,” 
Report of Investigations 3081, Feb. 1931, Bureau of Mines. 
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Fig. 15—Photomicrograph of a Silicate Inclusion in a Weld. Unetched. Note Evidence 
of Eutectic, x 1000. 

Fig. 16—Photomicrograph of Same Specimen as in Fig. 15 After Etching in Stannous 
Chloride, * 1000. 

Fig. 17—Photomicrograph of Eutectic Inclusion in a Weld. Etched in 10 Per Cent 
Nital, « 1000. 

Fig. 18—Photomicrograph of Oxide-Silicate Inclusion in a Weld. Etched in 10 Per 
Cent Nital, x 1000. 






































of the reagents had any definite effect except hydrofluoric acid which 
dissolved it. It will be noticed, however, that many of the smaller 
inclusions around the large one were dissolved by stannous chloride. 
They were FeO and it is very probable that the inclusion itself carried 
some FeO as there was distinct evidence of a fine eutectic structure. 
There was a slight gain in the distinctness of the eutectic as seen in 
the microscope after etching in stannous chloride which would indi- 
cate that FeO was one of the phases, fayalite consequently being the 
other. Not all of the inclusions of this type exhibited an eutectic 
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IDENTIFICATION OF INCLUSIONS IN STEEL 


+ as cooling was very rapid it might well be that the structure was 
esent but too fine to be resolved. 
Fig. 17 shows another inclusion in the same weld. This showed 
distinct eutectic structure, one phase of which evidently was iron 
oxide (FeO) as shown by the practically complete solution of the 
light globules in stannous cloride. Neither the background nor the 
light constituent was attacked by picrate etching. The conclusion 
seems warranted, therefore, that neither phase in this inclusion was 
the same as the corresponding light and dark phases in the silicate 
inclusions found in the acid open-hearth steel. (The dark spot near 
the center of the large inclusion was a pit from a previous etching 
and could not have been polished out completely without losing the in- 
teresting “bud” on the side.) Fig. 18 shows another interesting in- 
clusion found in the weld. It possibly should not be classed as in- 
clusion because it was in the junction area between the deposited 
metal and the sheet and consequently was more in the nature of a 
slag particle. It is, however, an example of what one may find in 
such a weld. It is not clear from the etching just how it differed 
from the silicates in the steel but either it was of different com- 
position or the relatively large masses involved led to a different 
solution rate for the constituents. Chromic acid had no decided 
effect but sodium picrate attacked both the background and the light 
dendritic crystals. This indicates oxide or silicate or possibly both. 
Stannous chloride also attacked both phases, although some of the 
white dendrites remained after this treatment only to be dissolved by 
hydrofluoric acid. That two types of silicate were represented by the 
dendritic crystals received confirmation from the results obtained by 
etching another similar inclusion, Fig. 19, in the same specimen. 
Here also the white globular dendritic system remained after stan- 
nous chloride etching but the gray, longer dendrites were dissolved. 
In both inclusions all of the phases undoubtedly belonged to the 
FeOQ-MnO-SiO, system but the information was not sufficient to 
identify them completely. 


OxIpE INCLUSIONS 


Oxide inclusions may, if not etched, be mistaken for silicates 
as can be seen by the examination of the small inclusions in Fig. 15. 
It would be difficult to predict at this stage which were the oxides 
that would later be dissolved by stannous chloride. Oxides seldom 
are very large nor are they as numerous as the other types of in- 
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Fig. 19—-Photomicrograph Showing an Inclusion with Two Silicates. Etched in Sodium 
Picrate, 1000. 

Fig. 20-—-Photomicrograph of an Oxide Inclusion in Open-hearth Iron. Etched in 
Sodium Picrate, x 1000. 


Fig. 21—-Photomicrograph of a Titanium Inclusion Unetched Showing Spots of Dark 
Material Associated with it. *« 1000. 








clusions in the majority of steels. Low carbon steels show them as 
very small globules similar to the one shown in Fig. 20, though this 
micrograph was made from a specimen of open-hearth ingot iron. 
None of the reagents attacked it appreciably until stannous chloride 
was used and then it was dissolved. 


TITANIUM INCLUSIONS 





There seldom is any difficulty in recognizing titanium inclusions. 
About the only possibility of confusion is with zirconium inclusions 
but zirconium is not yet used enough to be of any importance in 
this connection. The sharp angles and distinct coloring of the tita- 
nium nitride or cyanonitride are very characteristic. The colors may 
range from lemon yellow, the most common color, to orange, pink, 
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wn, and even purple. The color probably depends on the amount 
f other oxides in solution in it, similar to the color of the borax 
eads used in qualitative analysis. Frequently there is associated 
with nitrides a dark spotty or finely laminated structure such as is 
shown in Fig. 21. Occasionally only minute yellow specks of tita- 
nium nitride will be found in these dark spots or possibly none at all 
but in the author’s experience they are characteristic of titanium- 
treated steel. It has not been possible to determine whether these 
spotted or laminated areas are due to the titanium inclusion being pol- 
ished out or are some other inclusion associated with the titanium. 
\lthough titanium inclusions are reported to be difficult to polish with- 
out pitting, the author is not inclined to accept this explanation of the 
spotty areas. Polishing by various methods has not supplied enough 
evidence to either prove or disprove the point. 


DISCUSSION 


The need of further refinements in the systematic etching scheme 
for the identification of inclusions has been brought out above. Some 
means of identifying the two phases of the eutectic structure fre- 
quently associated with sulphides would be of interest. It ought 
not be difficult to find etching mediums that would characterize each 
set of laminations. Further light would undoubtedly then be thrown 
on the origin of such inclusions. The problem of identifying the sili- 
cates is more complex. Complete information on the ternary system 
FeO-MnO-SiO, ought to be available first as a guide. It might 
then be possible to distinguish the various members by etching with 
different concentrations of hydrofluoric acid in aqueous or other 
mediums. Acid or neutral solutions of fluorides might offer a means 
of distinguishing some of the members of the family. The produc- 


tion of colored compounds of manganese is another possibility, work- 
ing along the lines of Whiteley’s’ reagent for sulphur. 


The results shown herein for the etching of quite large inclusions 
indicates that they perhaps do not show normal characteristics. A 
longer etching period seems to be required but further investigation 
should be made. The rate of solubility of fine particles is always 
greater than the rate for large particles so that some adjustment 
in the temperature or time of application of the etching reagents for 
the large inclusions might have been anticipated. It is to be hoped, 


"loc. cit. 
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however, that the occurrence of such inclusions as shown in Figs. 13 

























\ 
and 14 is not common in commercial steels. In basic open-hearth cro 
steel practice probably certain extensions also are required but this | 
is outside of the field of the present paper. : ; 

ch 
SUMMARY | a 
1. Inclusions in steel are frequently nonhomogeneous, though chr: 
moderate magnifications may be required to detect this. ss | 
2. Complete identification of the phases of nonhomogeneous in- oa 
clusions cannot be made by the usual scheme used for the determina- see 
tion of types of inclusions. | 
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Written Discussion: By G. F. Comstock, metallurgical engineer, 
Titanium Alloy Mfg. Co., Niagara Falls, N. Y. steel 
Mr. Grant’s paper seems quite interesting, and the writer is glad to note — 
that practical workers in metallography are coming to realize the value of lishe 
identifying, at least roughly, the inclusions in steel. The author has shown inch 
some good photomicrographs, and well emphasizes the desirability of further kno" 
work on more exact methods of identification of nonmetallic matter in steel. — 
Some constructive suggestions from the author along that line would have been the 
welcome, but are not found in the present paper. Nee 
It is unfortunate that the methods so far proposed for identifying inclu- ro 
sions have seemed to the author to imply that inclusions are always compar- ie 

atively simple substances. Prof. Campbell, Dr. Wohrman, and I certainly had 
no such idea, and in fact expressly endeavored to point out that most inclusions ples 
are more or less complicated mixtures. The author should have omitted the = 
word “perhaps” in his statement that the present method for classifying inclu- wd 
sions is claimed to be satisfactory only for making broad distinctions. It _ 
seems to me that in practical work such broad distinctions are generally most _ 
useful. If we know that an inclusion is a sulphide, for instance, it is not neces- a 
sarily essential to learn the exact proportions of manganese and iron in it; nor ~— 
does it matter, for practical purposes, if alumina inclusions contain also more -_ 
or less iron oxide. I do not agree with the author’s implied statement on page —" 


166, line 7, that means for identifying types of inclusions are not now available. 
It seems to me that he has identified various main types very nicely. 
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\ few comments might perhaps be offered on some of the author’s photo- 

rographs. The black particles referred to as attached to the sulphides in 

1 have often been found in our laboratory, and it was eventually decided 

it they were rust specks on the surface, caused by corrosion during the wet 

Jishing. If polishing was unduly prolonged, they became larger and more 

imerous. Usually it was found possible to avoid them on a re-ground surface 
by polishing more quickly with plenty of rouge, and with a little potassium 
dichromate dissolved in the polishing water. 

In regard to the streaked appearance of the inclusion illustrated in Fig. 3, 
is it not possible that the lines resembling a eutectic structure are due to reflec- 
tions of light from the under surface of the inclusion? If this can be disproved, 

seems more likely that they are due to oxide rather than to iron sulphide. 

Fig. 20 is an extraordinary representation of ingot iron, and it would seem 
that some explanation is required of the structure shown by the metal surround- 
ing the oxide inclusion. Neither nitric acid, chromic acid, nor sodium picrate 

em should give this appearance on ingot iron if properly used. Was the sample 
improperly polished, or was the sodium picrate not thoroughly washed off, so 
that crystals of the salt remained on the dried surface? We have had both 
these troubles in our laboratory, and I am sorry to see such a strange illustra- 


and 
ands 
mu- tion among the otherwise good photomicrographs of this paper. 

Written Discussion: By Carl R. Wohrman, in charge of research, 
General Plate Co., Attleboro, Mass. 

Mr. Grant has shown us a number of very interesting inclusions in com- 
mercial iron and steel. 

[ fully concur with the author in the viewpoint that inclusions met with in 
steel are far more complex than has been generally assumed ;—in fact, | have 
ala taken pains to emphasize this point in my paper on “Inclusions in Iron” pub- 
ol lished several years ago.* I arrived at this conclusion largely from a study of 
— inclusions in Armco ingot iron and of inclusions artificially prepared from 
eer known constituents, under controlled conditions. This simplified investigation 
taal to a great extent, and yet, even here, it proved difficult to identify with accuracy 
heen the phases observed. Indeed, with only sulphur and oxygen present as impuri- 

ties as many as four different phases could be observed in a single inclusion. 
-— The complications bound to come in with a greater number of impurities can 
par- thus be readily understood. rt 
lead Mr. Grant has been able to identify (at least in a general way) the com- 
ts plex inclusions he has shown us using Campbell and Comstock’s modified 
the method for identification. This can be taken as another proof of the prac- 
alia, ticability and usefulness of this method, even in the case of complex inclusions. 


It This method, as Mr. Grant correctly remarks, is especially suited for making 
ae broad distinctions, which, in a way, is an advantage; but, without doubt, we 
need methods which would make finer distinctions and more accurate analyses 
possible. It would be highly gratifying, indeed, if some of the more chemically 
trained among us would take the trouble to come forward with definite and 

practical recommendations and instructions on this point. 


- 


I should like to call attention to Mr. Grant’s Fig. 5 showing a broad fer- 


. 


*TRANSACTIONS, American Society for Steel Treating, Vol. 14, 1928, page 561. 
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rite sheath around a sulphide inclusion, and to his statement that this “indica 
that the harmful effect of an inclusion is not necessarily restricted to the act: 
volume occupied by it.” This may be understood to mean that the sulph 
inclusion is the cause of the ferrite envelope. We cannot be quite sure of t 
as it is more likely that both the inclusion and the ferrite envelope are effe 
of the same principal cause,—segregation during solidification. As is we 
known, impure iron solidifies last, in the fillings of the dendrites, and is th 
brought into the very same regions as the sulphide inclusions are. On coolin, 
the carbon diffuses away from the iron holding impurities in solution and 
this manner a ferrite envelope is formed in the region of the inclusions. 

Written Discussion: By G. R. Fitterer, associate metallurgist, U. S 
Bureau of Mines, Pittsburgh Experiment Station, Pittsburgh. 

The author’s major conclusion—namely, that further means for identifica 
tion of impurities in steel must be devised before all of the complex materials 
can be detected and classified, is unquestionable. In fact, it is my belief that 
this line of attack in connection with the inclusion problem contains so many 
variables that it is hopeless. Furthermore, identification is useless without 
accompanying data concerning the exact furnace (and ladle) additions and 
conditions which caused the formation of the inclusions during manufacture. 
Without such additional data there would never be any hope of developing 
processes for eliminating such materials. 

An enormous number of photomicrographs have been taken at the Pitts- 
burgh Experiment Station of the U. S. Bureau of Mines, during the past 
five-year study of inclusion formation, identification, and elimination. Volumes 
could be written describing these materials in a manner similar to this paper 
but we have hesitated to publish them for two reasons: 

1. Such data tend to confuse those who are not well versed in inclusion 
literature. (At the present time a large majority of steel inspectors have a 
sufficiently erroneous conception of inclusions to make it difficult for manu- 
facturers to produce “clean” steel in future years.) 

2. There are few practical instances when information regarding the compo 
sition of an individual inclusion is required. It is my belief that an accurate 
quantitative method of analysis is far more desirable than the ordinary visual 
or etch tests such as described herein. It was for this reason that the electro- 
lytic extraction method was developed at the Pittsburgh Experiment Station 
of the United States Bureau of Mines. The total quantity of the separate 
oxides and sulphides can be determined by this method. The inclusions may be 
screened to various sizes and analyses of the various particle sizes made. 

Sometimes it is advantageous to know if inclusions of different sizes vary 
widely in composition. The analyses of electrolytically extracted inclusions 
varying from 60-mesh (screen size) through the various standard grades to 300- 
mesh have been determined by the U. S. Bureau of Mines for various types of 
steels. Such data sometimes are very important, if it has been proved micro- 
scopically that failure was caused by particles of a given size. 

It is possible that micro-methods of inorganic analysis will be developed 
so that an individual inclusion can be removed from the steel by electrolysis 
and micro-analyzed for its various constituents. 
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[ do not agree with the author that Fig. 3 represents an inclusion. | feel 
rtain that it is a water stain (or something of similar nature) and believe 
it this could be proved if the original sample were available. 


Author’s Closure 


If one accepts Mr. Fitterer’s statement that identification of inclusions is 
iseless without data on the ladle and furnace additions then one must reject 
practically all of the information on the etch methods of identification as also 
useless. We are not prepared to do this. It is unquestionably true that quan- 
titative analysis of the inclusions is desirable and furnishes useful information 
but how many metallurgical laboratories are prepared to carry out such an 
analysis? Furthermore the etch test is rapid and, if it can be made to give 
essentially the same information as would be obtained by micro-analysis of an 
inclusion, it certainly is preferable. 

If steel inspectors have an erroneous conception of “dirty” steel it is under- 
standable. At least much of the forging steel purchased by the railroads leaves 
something to be desired from the standpoint of cleanliness whether one bases 
his opinion on the appearance of specimens on the microscope or on the direc- 
tional properties of the metal. 

Fig. 3, which was commented on by both Mr. Fitterer and Mr. Comstock, 
shows only about one third of an elongated stringer of sulphide. It was ob- 
served in a special test specimen which was made to show whether or not 
bending would cause cracking of elongated inclusions, This inclusion received 
special attention and was examined closely both before and after the specimen 
had been cleaned a number of times. Many other sulphide inclusions showed 
small areas of the laminated structure, although space did not permit including 
micrographs of them. It was because laminations of this character were ob- 
served only in sulphide inclusions that we were led to believe they might be 
an eutectic of FeS and MnS instead of an eutectic of sulphide and oxide. 

We do not believe the black spots associated with the sulphide in Fig. 1 
are rust specks as suggested by Mr. Comstock. In our experience rusty spots 
do not have the sharp clear cut outlines shown by these spots. They were 
frequently found associated with sulphides. Before using dichromate in the 
water with the rouge for polishing we should want to be certain that it would 
not attack any of the inclusions. 

Mr. Comstock’s objection to the background in Fig. 20 appears justified. 
[he appearance is due partly to having focussed for the inclusion only. Some 
roughening of the surface takes place in etching as can be seen by examination 
of Fig. 19, where carbonless iron also surrounds the inclusion. 

Mr. Wohrman’s suggestion that the ferrite sheath around sulphides may 
not be due entirely to the sulphur in the inclusion but partly to other impurities 
in solution in the ferrite has received partial confirmation by further etching 
tests. These envelopes are stained orange by Whiteley’s reagent when the 
inclusion is present but they are not always similarly colored by application of 


this reagent after the inclusion has been dissolved by chromic acid. They are 


seldom seen around inclusions other than sulphides so it does not appear possible 
to definitely settle this point on the basis of present evidence. 


















PRACTICAL APPLICATION OF X-RAY DIFFRACTION 
METHODS IN THE STUDY OF QUENCH AND TEMPER 
STRUCTURES OF CARBON SPRING STEELS 


3y N. P. Goss 


Abstract 


X-ray diffraction methods show that quenching and 
temper structures are quite independent of each other. 
The X-ray spectrograph reveals in a striking manner the 
fact that the ill effects due to improper quenching cannot 
be removed by tempering. Tempering only facilitates 
the precipitation of the Fe,C out of solid solution, but the 
as-quenched structure of the alpha iron matrix 1s not 
changed. 

The X-ray can aid the metallurgist; determine the 
proper quench structure, and temper structure. The X-ray 
will show whether or not the proper quench structure was 
obtained though the steel may be in the tempered state. 

This investigation revealed that the type of grain struc- 
ture developed depends upon many factors, a few of which 
are: (1) Chemical composition, (2) Thickness and shape 
of specimen, (3) Quenching temperature, (4) Tempera- 
ture of quenching medium, (5) Kind of medium (water, 
oul, etc.) Heating of steel which is to be quenched must 
also be considered. It was found that the specimens 
should be maintained at a constant temperature near the 
upper critical point, however it also depends on shape and 
thickness of steel. Should the steel be heated consider- 
ably above the upper critical point and then cooled down 
to the proper quench temperature, excessive grain distor- 
tion 1s developed. 























HE purpose of this paper is to show how X-ray diffraction is 
used in studying the effects of quenching and tempering on the 
structures. of spring steels. The methods used in this particular 
case may be applied to other types of steels that are quenched and 
tempered in order to obtain the desired physical properties. 










The microscope, although giving much information about the 
structure of the phases present, has never been able to reveal much 
about the structure of the matrix, that is, the body in which the car- 


The author, Norman P. Goss, is a member of the society and is research 
physicist for the Cold Metal Process Co., Youngstown, Ohio. Manuscript re- 
ceived March 2, 1931. 
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bide particles are embedded. However, it has been found that if 
X-ray diffraction methods and the microscope are used together, the 
most information is then obtained. This paper will only deal with 
the X-ray methods because the author desires to show how these 
methods can be adapted to metallurgical problems of this nature. 
One or more typical examples are presented in order to show the 
research metallurgist how the problem should be carried out. 

To study the structure of any quenched steel, the Laue method 
of X-ray crystal analysis is the most informative because it reveals 
the internal structure of the matrix which may be ferrite or com- 
plex solid solution. Regardless of the complexity of the crystal 
structure, X-rays can be depended on to reveal the true structure 
of the grains as well as the lattices. 

In the Laue method of X-ray crystal analysis, a fine beam of 
small divergence is transmitted through a thin section of the speci- 
men under investigation. In the case of low and high carbon steels, 
the specimen should not exceed 0.005 inches in thickness and better 
results appear to be obtained when the specimens are about 0.003 
inches thick, although it is sometimes difficult to prepare specimens 
of this thickness without bending or straining them. The diffrac- 
tion effects from the specimens are recorded on photographic films. 

When these X-ray spectrograms exhibit radial striations, some- 
times referred to as “radial asterism,” then the grains of that par- 
ticular metal or alloy are strained. This fact has been proven to be 
correct by many X-ray research workers. Glocker, in his book on 
‘“Materialprufung Mit Roentgenstrahlen,’ devotes a whole chapter 
on this important aspect of crystals which, at the present time, seems 
to be much misunderstood. 

As we shall see later on in this paper, the intensity of “radial 
asterism’’ seems to increase with increase in quenching temperatures 
but other factors also influence grain. distortion. In steel in par- 
ticular, at a certain temperature, the specimen may be above the 
upper critical transformation point while at other temperatures, it 
may be below the upper critical point and, of course, the grain dis- 
tortion would be influenced tremendously when the quenching opera- 
tion is performed from a temperature above or below the upper 
critical point. 

It was found in one particular investigation, that the maximum 
hardness in some specimens of spring steel was developed when 
quenched from a point just above the upper critical point. The 
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was tough. 


asterism.” 


Another interesting fact is that the hardness of these quenched 
steels is not influenced by grain distortion but apparently by ex 
tremely fine grain structure and lattice distortion. 


spectrograms are related to the needles of martensite, viewed under 
the microscope. 


remove grain distortion but merely produces a physical change in 


the phase. 


The X-ray patterns also show that when these specimens are 
quenched from a rather high temperature above the upper critical 
point, the diffraction rings become distorted. 


gamma iron was found to be retained and the amount present seems 
to be influenced by the manganese content and the temperature from 
which the specimen was quenched. 

In one particular steel having a manganese content of 4 per cent 
and a carbon content of 0.75 per cent, annealing at as high a tem- 
perature as 1600 degrees Fahr. failed to remove the gamma iron. 
This illustrates the remarkable influence of small quantities of man- 
ganese in retaining gamma iron at ordinary temperatures. 

In some high carbon steels of about 0.50 per cent manganese 
content no gamma iron was found in the as-quenched steel. 
course, in order to determine the amount of gamma iron present, 
it is necessary to use another X-ray diffraction method because the 
Laue method is not sensitive enough to detect small amounts of 
The other method used will be described later in this 
paper. However, it was also found that the carbon content influ- 
ences the amount of gamma iron retained. 


gamma iron. 
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grains were found to be free of grain distortion and the martensit 
This experiment also revealed that the type of quench 
ing medium was of equal importance. In general, it was found that 
the high carbon steels which developed a tough martensite afte: 


quenching always give X-ray diffraction patterns free of 


Some may be 
inclined to believe that the radial striations found in these X-ray 
This is not for on tempering martensite the 
needles disappear but the radial striations on the X-ray diffraction 


patterns remain. This does mean, however, that tempering does not 


The X-ray evidence to be presented in this paper will 
reveal this most interesting fact. 


This means that the 
lattice parameters of the alpha iron are variable. 


In the case of 0.90 per 
cent carbon steel, quenched from a temperature above the upper 
critical point, considerable gamma iron was retained. It is evident 
that both manganese and carbon content along with the tempera- 
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ire from which the specimens are quenched influence the amount 
austenite retained. Variation in lattice parameter does not mean 
hat the lattice is distorted as it was found that on tempering such 
specimens, the same type of pattern resulted, showing that lattice 
parameter variations do not necessarily mean lattice distortion. 

It is known that when gamma iron transforms to alpha iron, 
some carbides are thrown out of solid solution because gamma iron 
can hold more carbon in solution than can alpha iron. ‘This may 
bear some relationship to the lattice parameter variations as indicated 
on some of the X-ray spectrograms. It was always found that 
whenever the specimens were heated to a high temperature and 
quenched, such variations were always found. It is rather interest- 
ing to know that when one specimen, the X-ray pattern of which will 
he shown later, was heated to 1800 degrees Fahr. and cooled to 1420 
degrees Fahr. and then quenched, lattice parameter variations were 
still present, even though the specimen was quenched from the proper 
temperature. This illustrates that in order to eliminate lattice par- 
ameter variations, the specimens must not be heated above the tem- 
perature from which they should be quenched. 

The X-ray patterns, therefore, show that lattice parameter 
variations are not changed by tempering. ‘This is a most interesting 
fact. Some metallurgists may believe that the tempering operation 
removes grain distortion but this is not so. It merely removes in- 
ternal lattice distortion which is facilitated by the precipitation of 
the carbide from solid solution, that is, when martensite transforms 
to sorbite. The X-ray patterns also show that the structures of all 
these steels are extremely fine-grained. Whenever intensity maxima 
appear on the diffraction patterns which represent quenched steels, 
it merely means that the austenite grains prior to quenching were 
quite large and that during the transfermation of gamma iron to 
alpha iron, the newly formed alpha iron tends to retain the orienta- 
tion of the parent iron grain. The specimens used in this investi- 
gation were heated in a small electric furnace and held at that tem- 
perature for about ten minutes and quenched. This was thought 
necessary so as to be sure that the carbon would be in solid solution 
with the gamma iron before quenching and to insure thermal equi- 
librium. The specimens were 0.625 to 0.028 inch thick and were 
about three to four inches in length having a manganese content of 
0.70 per cent and a carbon content of 0.61 per cent. They were 
heated and quenched in oil and water. The quenching temperatures 
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X-RAY DIFFRACTION PATTERNS 
Fig. 1—0.60% Carbon, 0.70% Manganese Steel Annealed at 1200° F. 


Fig. 2—0.64% Carbon, 1.35% Manganese Steel Oil-Quenched after 15 


Minutes 
at 1410° F. 


Fig. 3—0.70% Carbon, 1.02% Manganese Steel Heated to 1900° F. Cooled to 


1420° F. in 13 Minutes, held there 1 minute, then Quenched in Oil at 70° F. Rock- 
well C 56 to C 59. 
Fig. 4—0.60% Carbon Steel Oil-Quenched After Heating 10 Minutes at 1800° F. 
7% 5—Medium Carbon Steel Water-Quenched After Heating 15 Minutes at 
1800° F. 


Fig. 6—0.60% Carbon Steel Oil-Quenched After Heating 10 Minutes at 1400° F. 
Rockwell C 62. ; 
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X-RAY DIFFRACTION PATTERNS 

Fig. 7—0.60% Carbon Steel Water-Quenched After Heating 10 Minutes at 1400° 
F. Rockwell C 63. 

Fig. 8—0.60% Carbon, 0.70% Manganese Steel Oil-Quenched at 180° F. After 
Heating at 1450° F. Rockwell C 60-61. 

Fig. 9—0.61% Carbon, 0.70% Manganese Steel. (1) Pot-annealed at 1250° F 
(2) Area Reduction 20%. Heated at 1450° F. Quenched in Oil at 400° F, 
Rockwell C 59. 

Fig. 10—0.61% Carbon Steel. (1) Pot-annealed at 1250° F. (2) Area Reduc 
tion 40%. (3) Oil-Quenched from 1800° F. Rockwell C 60. 

Fig. 11—0.64% Carbon, 1.35% Manganese Steel Water-Quenched from 2000° F. 
Rockwell C 40-50. 

Fig. 12—0.60% Carbon Steel, Water-Quenched from 1950° F. 
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used in this test were 1350, 1400, 1450, 1600 and 1800 degrees Fah; 

The flat wire specimens were in the annealed condition, the te: 
perature of annealing being between 1200 and 1250 degrees Fah: 
Fig. 1 is the Laue X-ray pattern of this wire. It can be seen that 
the ferrite and pearlite are in a strained state because the pattern 
indicates lattice parameter variations and this, of course, is to be 
expected since we are dealing with a mixture of pearlite and ferrite. 

It was found necessary in steels having a high manganese con- 
tent (1 to 1.5 per cent is considered a high manganese content for 
spring steel), to quench from a temperature just above the upper 
critical point. This is illustrated in Fig. 3. It shows that the tem 
perature to which a given specimen may be heated has a marked in 
fluence on the as-quenched structure, even though it was quenched 
from the proper temperature. When high manganese steels are 
quenched from extremely high temperatures, excessive quenching 
strains or grain distortions are developed but when these steels are 
properly quenched an ideal structure is developed. Figs. 2 and 3 
illustrate this. The Laue pattern shown in Fig. 2 was made: from 
steel containing 0.64 per cent carbon and 1.35 per cent manganese. 
It was heated to 1400 degrees Fahr. and held there for fifteen min- 
utes and oil-quenched. The X-ray pattern shows that: 

(1) The grains are distributed at random, 

2) The grains are very small, 

(3) The grains are not distorted, 

(4) The lattice parameter is very uniform. ( Diffraction rings 
are not distorted ) 

The Laue X-ray pattern shown in Fig. 3 was made from a 
steel containing 0.70 per cent carbon and 1.02 per cent manganese. 
It was heated at 1900 degrees Fahr. and cooled to 1400 degrees Fahr. 
in fifteen minutes and held at that temperature for one minute after 
which it was oil-quenched. The X-ray spectrogram shows that: 

(1) Grain distribution is not random, 

(2) Grains are distorted, 

(3) Lattice parameter is variable. 

Such a quenched structure is far from ideal. 

From a consideration of Figs. 2 and 3, it seems as though the 
high manganese carbon spring steels are superior in structure to the 
high carbon, low manganese spring steels but they must be quenched 
under the proper conditions. Other investigators report that man- 
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Fahr, : eanese improves the mechanical properties of steel and the X-ray 


e tem- evidence submitted supports this contention. (TRANSACTIONS) July, 
Fahr. ’ 28. When quenched from 1600 degrees Fahr. in oil and water, 
n that it was found that the grains were not only distorted but were not 
attern | listributed at random. Greater distortion was produced when the 
to he ; specimens were quenched in oil-and water from 1800 degrees Fahr. 
errite. (he X-ray patterns shown in Figs. 4 and 5 illustrate this. 
> con- It will be quite interesting to study the quenched structure of 
it for specimens quenched in oil and water from 1400 degrees Fahr. and 
upper Figs. 6 and 7 show the X-ray spectra obtained from such structures. 
» tem \pparently it makes no difference whether these specimens were 
ed in quenched in oil or water from 1400 degrees Fahr. because the X- 
nched | ray spectrograms are quite similar. A photomicrograph was made 
S are and it showed the needles of martensite to be quite short and massive. 
ching | In fact, Figs. 6 and 7 look like Figs. 4 and 5 except that the diffrac- 
Is are tion rings are not quite as spotted or streaked. Does this mean that 
ind 3 the quenching is too drastic for this size specimen? It would not be 
from possible to quench from a much lower temperature than this because 
nese. the steel would not harden. The only thing that remains to be done 
min- is to heat the quenching medium to high temperatures. 
The oil and water quenching baths were kept about 80 degrees 
Fahr. but the temperature of these baths was then increased to 180 
degrees Fahr. and the steel specimens were heated to 1450 degrees 
Kahr. after which they were quenched in oil at this temperature. 
rings Fig. 8 shows the result of this treatment. The diffraction effects are 
much more intense. In fact, the diffraction from the (2 1 1) planes 
is much more marked but the “radial asterism” is still evident and 


ee F this means that the grain structure is distorted and the grains are not 
“ng distributed at random. The question at once arises, can distorted 
ref grain structure be eliminated? Perhaps an increase in temperature 
of the oil bath might accomplish this. It was found that when the 
oil bath was heated to 400 degrees Fahr. and the specimen (0.023 


inch thick) was heated to 1450 degrees Fahr. and quenched in this 


after 


oil, grain distortion was eliminated. Hardness measurements were 
made and it was found that it had a uniform hardness of Rockwell 
C59, the quenching medium being engine oil. 

A microscopic examination showed that the structure was still 
martensitic. Fig. 9 is the spectrogram of one of these specimens 
and it is at once apparent that grain distortion has been entirely 
eliminated by this practice of heat treatment. This means that the 
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type of grain structure developed depends upon many factors of 
which a few are: 
(1) Chemical composition, 
(2) Thickness and shape of specimens, 


(3) The quenching temperature, 


r , 
~~ Ww 


(4) The temperature of the quenching medium, and 


) The kind of medium. 
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In order to again show the effects of quenching from a high 
temperature in oil at room temperature another specimen was heated 
to 1800 degrees Fahr. and quenched. The X-ray spectrogram is 
shown in Fig. 10. Here again the grains are distorted and lack 





random distribution. That the grains should be distributed at ran- 
















dom is a most essential structure requirement. Even greater grain 
distortion is possible and it is with this in mind that the next group 
of X-ray patterns are shown. 

Fig. 11 is an X-ray spectrogram of a steel containing 0.64 per 
cent carbon and 1.35 per cent manganese heated to 2000 degrees 
Fahr. and quenched in water. Besides the distorted grain structure, 
a considerable amount of gamma iron was retained and this accounts 
in part for the low Rockwell hardness number (C 40 to 50) for 
this drastically quenched specimen. When this particular specimen 
was drawn at 500 degrees Fahr., the hardness increased, due to a 
decomposition of the austenite. 

Another X-ray spectrogram of a steel containing 0.60 per cent 
carbon heated to 1950 degrees Fahr. and water-quenched is shown 
in Fig. 12. Note the extreme distortion of the grains and it also 









shows that the austenite grains were large prior to quenching. In 
fact, this pattern suggests a kind of a fiber structure, in that, the 
radial streaks appear to be grouped into six distinct spots which is 
characteristic of a fiber pattern. 

As already noted above, tempering will not remove grain dis- 
tortion and distribute the grains at random. A 0.64 per cent carbon 
steel wire, quenched in water from 1900 degrees Fahr. had a Rock- 
well hardness of C 64. It was then tempered at 850 degrees Fahr. 
for fifteen minutes, the Rockwell hardness tested to C 44 to 45. 
Fig. 13 is the X-ray pattern of this tempered structure and clearly 







shows that the tempering operation did not change the structure of 
the alpha iron matrix. Why we have a decrease in hardness is well 





known because on tempering martensite to sorbite, a precipitation 
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Fig. 13—X-ray Diffraction Pattern of a 0.60 Per Cent Carbon Steel, Heated at 1900 
Degrees Fahr. and Water-quenched. Rockwell C64 and then Tempered at 850 Degrees 
Fahr. for 15 Minutes. Rockwell C44-45. 

Fig. 14—X-ray Diffraction Pattern of the Reflection Type Taken of a 0.64 Per Cent Carbon, 

5 Manganese Steel, Heated at 1420 Degrees Fahr. for 15 Minutes and Quenched in Oil. 

Fig. 15—X-ray Diffraction Pattern of the Reflection Type Made of the Same Specimen 
as Shown in Fig. 14 Except that this was Made of the Specimen Tempered at 880 Degrees 


Fahr. for 15 Minutes. 

of Fe,C takes place in which the sorbite is considered to be an 
emulsion of Fe,C in alpha iron. The tempering temperature of 850 
degrees Fahr. is favorable to the transformation of martensite to 
sorbite. The X-ray pattern clearly shows that the tempering did not 
change the structure of the alpha iron matrix because it is still dis- 
torted and the alpha iron is not distributed at random so we can con- 


clude that tempering does not remove grain distortion due to im- 
proper quenching but that tempering only facilitates the transfor- 
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mation of martensite to sorbite, but this change no doubt removes 
lattice distortion. The Laue method of X-ray crystal analysis does 
not tell us much about this structure transformation and so the ques- 
tion at once arises, can the X-ray diffraction method detect the trans- 
formation of martensite to sorbite. 

In order to show the effect of tempering on high carbon steel 
wires, it is necessary to use an entirely new X-ray technique. In 
this method, the fundamental idea is the resolution of the Ka 
“doublet.” It has been shown that whenever these lines are resolved. 
the crystal lattice is free of atomic distortion, that is, variations in 
lattice parameters. A distorted lattice is due to internal strains 
within the lattice itself. Fig. 14 is an X-ray spectrogram of such 
an as-quenched high carbon wire. It will be noted that the lines are 
rather broad and somewhat diffuse and this means that the grains are 
built up of molecules which have small variable lattice parameters 
due to internal strains. It was also found that the grains are ex- 
tremely small. The diffusion then is due to two things; small grain 
size and dilation of the alpha iron lattice which is due to the carbon 
atoms scattered at random in the space lattice. Fig. 15 is the X-ray 
spectrogram of the same specimen after it has been tempered at 880 
degrees Fahr. for fifteen minutes. It shows that the tempering 
operation has completely removed lattice distortions since the Ka 
lines are sharp and resolved. However, the grains are still small. 

In martensite the carbon atoms are considered to be atomically 
dispersed in the ferrite and this may be the reason the diffraction 
lines in the X-ray spectrogram are rather broad and diffuse. On 
tempering the carbon atoms precipitate and form Fe,C during the 
precipitation. This causes the ferrite atom to assume its normal 
dimensions. The structure of the ferrite grains is not changed, dur- 
ing this transformation. The tempering operation only causes a 
phase change, in that, the martensite transforms to sorbite but the 
structure of the alpha iron grains remain unchanged. 

This experiment has shown then that quenching structures and 
tempering structures are independent of one another, that tempering 
does not remove the ill effects that may be due to improper quench- 
ing of any steel but that the tempering operation merely facilitates a 
physical change in the phase. 

It was found that grain distortion cannot be detected by hard- 
ness measurements but that whenever specimens free of grain dis- 
tortion were produced, the martensite was much tougher. 
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scALING OF STEEL AT ELEVATED TEMPERATURES 


BY REACTION WITH GASES AND THE PROPERTIES 
OF THE RESULTING OXIDES 


W. Murrpny, W. P. Woop anp W. E. Jominy 


Abstract 


This paper presents the results of an investigation of 
the variables affecting the oxidation of steel in the tem- 
perature range 1095 to 1315 degrees Cent. (2000-2400 
de grees Fahr.) and shows that the effect of complex at- 
mospheres on steel may be predicted from a knowledge of 
the equilibria in the systems Fe:O:C€ and Fe:O:H. The 
results of this research may be summarized in accordance 
with the following: 

1. The loss in weight of the metal due to scaling ts 
proportional within limits to the area of the sample, 

2. The effect of increasing the carbon content in the 
range 0.3 to 1.1 per cent decreases the scaling losses, 

3. The scaling loss is lessened by a slow rate of thr 
flow of gas, 

/. The rate of oxidation decreases as the time of ex- 
posure increases, 

5. The extent of oxidation depends on the relative 
rates of diffusion of the gases concerned in the reaction, 

6. A new method has been applied to the determina- 
tion of equilibria in the reactions, FeO + H, =& Fe 4 
H,O and FeO + CO @ Fe + CO, in the temperature 
range of 1095 to 1425 degrees Cent. (2000 to 2600 de 
grees Fahr.) 

7. The melting point of ferrous oxide was de- 
termined from the data on the two — ms at 1360 + 10 
degrees Cent. (2480 + 18 degrees Fahr. 

8. The heat of fusion of ferrous oxide was calculated 
as 28,000 calories per gram mol + 5000 calories, 

9, X-ray data have shown that ferrous oxide 1s 


Based on a dissertation submitted in partial fulfillment of the requirements for the de 
ree of Doctor of Science at the University of Michigan. 


A paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1931. The authors are members of the society. 
D. W. Murphy is associate 4 ‘with the Department of Engineering Research, 
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stable above its melting point having a constant 4.289 A. U, 
both above and below the melting point, 

10. No evidence of extensive solid solutions of Fe or 
of Fe,O, in FeO was obtained in this investigation, 

11. The scaling or non-scaling action of a gas atmos- 
phere containing nitrogen, carbon dioxide, carbon mon- 
oxide, hydrogen, and water vapor may be. predicted with 
considerable accuracy for a number of steels on the basis 
of the equilibrium ratios derived for the two systems Fe: 
FeO: CO: CO, and Fe: FeO: H,: H.O. 





HE oxidation of steel or iron by reaction with gases is an inter- 
= esting problem for both theoretical and applied research. A 
considerable amount of work has been done in connection with this 
general problem but in the main the results have shown a lack of 
concordance. In most cases such data as were available were ob- 
tained at temperatures below 1035 degrees Cent. (1900 degrees 
ahr.) which is under the temperature ordinarily used in forging 
practice. The present research was undertaken at the instigation 
of The American Gas Association for the purpose of thoroughly 
investigating the scaling of steel throughout the complete forging 
range. The problem has naturally divided itself into two parts: 


(a). The investigation of the variables which control the 
process of continuous oxidation; namely, velocity of the gas stream, 
time, temperature, and gas composition. In addition a brief study 












was made of the effect of chemical composition on the scaling of 
steel particularly with reference to carbon. 

(b). The determination of equilibria in the systems Fe: FeO: 
CO: CO, and Fe: FeO: H,: HO from which the effect of any 
gas-air combustion atmosphere can be predicted. In this connection 
various steels were subjected to scaling and non-scaling atmospheres, 
and the effects of these atmospheres were compared with those 
theoretically deduced from the equilibria determinations in order to 
prove definitely that the direction of the effect of the gas-air com- 


bustion atmosphere on steel may be predicted from the analysis of 
the atmosphere. 









REVIEW OF LITERATURE 





Previous investigations of the oxidation of iron and ferrous 
alloys fall into three general classes. The first and oldest of these 
is concerned with the determination of the various equilibria in the 
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eystems Fe:O:H and Fe:C:O. The second class includes a num- 
her of more or less empirical researches whose object generally was 
to ascertain the oxidizing effect of various gases, chiefly air on speci- 
fic metals. Such researches have for the most part entirely dis- 
regarded many of the variables which enter into the oxidation process. 
The third class of investigations are those few in which attempts 
were made to deduce possible mechanisms for continued oxidation. 
In the latter two classes the variables considered have been limited 
in number, and no thorough study made of these factors. 

The first published record of investigations in these systems was 
that by Deville’ in 1870. He studied the qualitative aspects of the 
system Fe:O:H. The method first employed by Deville and some 
later investigators consisted essentially of heating iron-iron oxide 
mixtures in a porcelain or quartz tube in contact with the gas phase 
in a sealed system until equilibrium was reached at a constant tem- 
perature. 

In the case of H,:H.O equilibria the reaction tube containing 
the solid phases was connected with a reservoir containing water 
maintained at a constant temperature. The tube was evacuated to a 
pressure corresponding to the vapor pressure of water at the reser- 
voir temperature. The reaction of steam and iron produced hydrogen 
which caused an increase of pressure in the system, which change in 
pressure was observed by means of a manometer which registered 
the total pressure. Heating at constant temperature was continued 
until the total pressure given by the manometer remained constant 
when equilibrium was considered to have been established. From 
the known vapor pressure of water and the total pressure in the 
system, the pressure and consequently the percentage of hydrogen 
were calculated. In the case of the Fe:O:C system the gas phase, 
carbon dioxide, or carbon monoxide, depending on the desired direc- 
tion of approach to equilibrium, was introduced into an evacuated 
tube containing the solid phase until atmospheric pressure was at- 
tained. After certain periods of time, samples of gas were with- 
drawn and analyzed ; equilibrium was considered as established when 
no variation in composition occurred with increasing time. 

Eastman” in 1922 reviewed the available literature in the Fe: 
O:H and Fe:O:C systems. He noted that in general the results of 
preceding investigations of the Fe:O:H system fell into two groups 


1Deville, Comptes Rendus, Vol. 70, p. 1105, 1210 (1870), also Vol. 71. p. 30 (1870). 


“Eastman, Journal, American Chemical Society, Vol. 44, 1922, p. 975. 
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differing by as much as 40 to 50 per cent in values of the equilib 
constant, and yet there appeared to be little reason for choo 


one set in preference to the other on the basis of experimental 


cedure. Consideration of this system in conjunction with th 
Fe:O:C system led Eastman to postulate the existence of solid soly 
tions over a considerable range of oxygen content instead of definit, 
constant solid phases as an explanation of the discrepancies existing 
between the two groups of data. Later his investigation with Evans 
seemed to confirm those showing high values of the constant. Thy 
apparent reliability of his results with the Fe:O:H system led to 
questions concerning the reliability of the accepted constants for th 
water-gas reaction as determined by Haber,* Hahn,’ and others wher 
his data were combined with data on the Fe:C:QO system in the indi 
rect calculation of these constants. 

Neumann and Wohler® in 1928 in a careful and thorough re- 
search on the direct determination of the water-gas equilibrium, 
established the constants of that reaction with considerable precision, 
and agreed substantially with the previous direct determinations. 
The results of the indirect calculation from the Fe:C:O and Fe:O:H 
systems pointed to weaknesses in the Fe:H:© determinations. The 
work of Krings and Kempkens,’ of Tritton and Hanson,* and of 
Herty,” which has definitely limited the possible solid solutions of 
le and FeO has seemed to disprove the possibility of extensive solid 
solutions as an explanation of the discrepancies existing in the data 
on the Fe:O:H system. 

Immett and Schultz'® in 1930 published the results of their 
research in which a flow method somewhat similar to that of Fer- 
guson was used. Their method consisted of passing steam-hydrogen 
mixtures over iron-iron oxide mixtures and then collecting the ef- 
fluent gases for a certain period of time and determining the relative 

Eastman and Evans, Journal, American Chemical Society, Vol. 46, 1924, p. 888. 


‘Haber, Zeitschritt fuer Anorganische und Allgemeine Chemie, Vol. 38. 1904. p. 
> | 








Hahn, Zeitschrift fuer Physikalische Chemie, Vol. 44, 1903, p. 5131 and Vol. 48, 
1904, p 735 












*‘Neumann and Kohler, Zeitschrift fuer Elektrochemie und Angewandte Physikalis 
Chemie, Vol. 34, 1928, p. 218 





Krings and Kempkens, Zettschrift fuer Anorganische und Allqemeine Chemie, Vol. 183 
1929, p. 225. 





‘Tritton 





and Hanson fournal lron and Steel Institute, Vol. 110, 1924, p. 85. 





‘Herty, et al. “Physical Chemistry of Steel Making,’’ Carnegie Institute Technology, 
Bulletin 34, 1927. 








Emmett and Schultz, Journal, American Chemical Society, Vol. 52, 1930, p. 4268 
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antities of water and hydrogen. The analyses were repeated many 
es at each temperature starting with steam-hydrogen mixtures 
both reducing and oxidizing conditions and thus a high degree 
f accuracy was insured. The excellent agreement of their work when 
ombined with data on the Fe:C:O system in indirect calculation of 
the water-gas constants with the direct determinations of Neumann 
ind Kohler, seems to be proof of the validity of their work. 
Eastman,* found that the data on the Fe:C:O system were some 
what more concordant than in the Fe:H:© system. He placed much 
weight on the determinations of Matsubara'' in spite of the ques- 
tionable temperature measurements of that author. Garran'* at 
tempted to carry the experimental data to a temperature of 1300 
degrees Cent. (2370 degrees Fahr.) but impurities in the iron made 
his work doubtful. Schenck,'* in a series of papers, reported the 
results of extensive determinations in this system. He pointed out 
brium, that a considerable number of impurities have a decided effect on the 
Cision, equilibria in this system, and his work shows that where these have 
ations, not been considered the results are of very questionable value. In 
view of the care with which this research has been carried on and 
the general consistency of his results it seems quite likely that his 
recent data are the most acceptable that has yet appeared. 
ms of The empirical researches which were chiefly concerned with 
* solid oxidation of specific materials are quite numerous. The data pre- 
e data sented in these empirical researches are not extremely concordant 
and include a number of scattered observations. ‘The early authors, 


their Scott.'* MeCormick.'® Stead.’® and Dickenson,'’ used crude methods 


Fer- for determining the extent of oxidation; scale was removed by 
rogen 


abrasion which must, of course, have removed also an indeterminate 
le ef- quantity of iron; conditions of purity of gases, temperature control, 
‘lative and other factors such as the velocity of the gas stream were inade 
- ae Transactions, American Institute of Mining and Metallurgical Engineers, 
ol. 67, 1922, p. 3. 


Garran, Transactions, Faraday Society, Vol. 24, 1928, p 


Schenck, et al.. Zeitscrift fuer Anorganische und Allaemeine Chemie, Vol. 167 
166, p. 113; Vol. 167, p. 254, 1927. 


‘Scott, Chemical and Metallurgical Engineering, Vol. 25, 1921, p. 72 


McCormick, Transactions, American Society for Steel Treating, 2, 1922, p. 1006 


] ®Stead, Journal, Iron and Steel Institute, 1916; Engineering, Vol 
nology, 


“Dickenson, Jvurnal, Iron and Steel Institute, 1922; Engineering 
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quately controlled. The later authors, Cobb'® and his associates. 


Utida and Saito’® and Hatfield,” based their measurements on gain 
in weight, a more reliable method although it fails to give a clear 


conception of the quantity of metal lost since the oxides may vary in 







composition under different conditions of temperature and. atmos- 
phere and with different compositions of original material. Further- 





more, most of these results are rendered incomparable since one vari- 












able, velocity of the gas stream, has been almost wholly neglected. 

Attempts to outline a possible mechanism for continued oxidation 
of a metal, form the third class. Jordis and Rosenhaupt*' in 1908 ad- 
vanced the following hypotheses to explain surface oxidation: 
(a) The oxygen may dissolve in the metal as such or as an alloy; 
(b) the oxygen may diffuse through the layer of oxide which may 
dissolve the oxygen or merely be porous to it; (c) oxygen may be 
carried by the alternate formation of higher and lower oxides; or 
(d) the oxide may fall from the surface of the metal. Most of the 
ideas subsequently advanced by other authors are in support of one 
of these hypotheses. Friend** advanced the hypothesis that oxida- 
tion in the case of steam was carried on in the following manner. 
Steam first dissociates into hydrogen and oxygen. The oxygen thus 
liberated, oxidizes the metal to FeO and later to Fe.O,. Oxidation 
continues by alternate reduction and formation of this latter oxide. 

Pilling and Bedworth** studied rather extensively the oxidation 
of copper in air at various temperatures and for various times. They 
classified metals as noble or base, depending on the magnitude of the 
dissociation pressure of the oxide which for the noble metals is so 
high even at low temperatures as to preclude oxidation. The base 
metals they divide into two groups depending on the oxide texture 
which determines whether or not the oxide coating will retard fur- 
ther oxidation. They interpreted their data as showing that con- 
tinued oxidation of a metal resulted from the solution and diffusion 
of oxygen through the oxide layers. Their work was incomplete 

















Cobb, et al., Journal, Society of Chemical Industry, Vol. 46, 1927, p. 61 T, p. 68 T. 


’Utida and Saito, Science Reports, Tohoku Imperial University, Vol. 13, 1925, p. 391. 


Hatfield, Journal, Iron and Steel Institute, 1927, p. 483. 


"Jordis and Rosenhaupt, Zeitschrift fuer Angewandte Chemie, Vol. 21, 1908, p. 50. 











"Friend, Journal, Iron and Steel Institute, Vol. 80, 1909, p. 172. Journal, West Scot- 
land Iron and Steel Institute, Vol. 17, 1910, p. 66. Proceedings, Chemical Society, Vol. 27, 
1911, p. 124. Journal, Chemical Society, Vol. 99, 1911, p. 969. 









Pilling and Bedworth, Journal, Institute of Metals, 1923. 
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ince they did not consider the velocity and composition of the gas. 
Fedotjev and Petrenka** favor the transfer of oxygen by 
means of the alternate formation of higher and lower oxides. Ac- 
cording to this mechanism one of the higher oxides, Fe,O, or Fe,O, 
is first formed, and this is subsequently reduced by the iron in contact 
with it to FeO, additional iron being oxidized in this process. The 
FeO is then oxidized to a higher oxide and the reaction continues. 

Pfeil*® in 1930 published an account of his experiments as a 
result of which he advanced the idea that in addition to oxygen dif- 
fusing inward through the scale, iron in some form must also diffuse 
outward. He also established the fact that two scales of different 
oxygen contents can react even when not actually in contact with 
each other. As proof that there must be a diffusion of iron outward, 
he cited the following facts. The scale as it forms begins to sur- 
round foreign objects and may eventually cover them up without, 
however, disturbing their initial position; the original markings on 
the test samples are preserved in relief on the middle portion of the 
scale in the same position they had on the original sample. These 
facts taken in conjunction, preclude any possibility of plastic flow to 
account for growth of the scale outward, and the diffusion of iron 
will explain the development of the large oxide crystals in some 
cases. As the mechanism exists now, continued oxidation is ac- 
companied by a diffusion of iron outward and a migration of oxygen 
inward. This latter seems to occur partially as a result of the ability 
of scales or oxides of differing oxygen content to react with each 
other. This hypothesis seems to be the most acceptable in view 
of the facts as understood at present. There were some facts 
brought out in the present research which seemed to indicate that 
some modification of this hypothesis was necessary. 

In concluding this survey of the literature it would be well to 
summarize a few points concerning the past work. There are no 
accurate data on the equilibria in the system Fe:C:O above 1100 
degrees Cent. (2010 degrees Fahr.) and none above 1000 degrees 
Cent. (1830 degrees Fahr.) in the system Fe:O:H. While extra- 
polation of data obtained at lower temperatures would be fairly re- 
liable up to the melting point of the oxide, extension beyond this 
point involves guessing at the probable heat of fusion of the oxide. 


**Fedotjev and Petrenka, Zeitschrift fuer Anorganische und Allgemeine Chemie, Vol. 
157, 1926, p. 165. 


*°Pfeil, Journal, Iron and Steel Institute (1930). 
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Furthermore, there has been no systematic investigation of th 
various factors which influence the process of sealing. It was hope 
that this investigation would serve to bring these factors into prope 
relation to each other, and indicate a comprehensive mechanisn 


PROCEDURE 


The apparatus used in this study is in most respects similar t 






that used by other investigators. The methods employed in the 
conduct of tests, however, differ considerably from those used pre 


viously. Both have been described in previous publications but a 












brief resumé will be of value. 


Apparatus 


The heating equipment used in this research consisted of a gas 
fired muffle furnace in which a glazed porcelain tube having a 2-inch 
inside diameter was placed in such a manner that both ends of the 
tube projected some distance beyond the furnace walls. One end 
of the tube was fitted with an asbestos plug through which there were 
two holes, one tor the thermocouple protection tube, and one for 
the introduction of the chosen gas. This plug was capped and held 
in place with firebond cement which produced a tight joint. The 
other end of the tube through which the sample was introduced was 
provided with a rubber stopper since this end was sufficiently cool to 
prevent any decomposition of the stopper. Two types of thermo- 








couple protection tubes were used, a sillimanite tube and a glazed 
closed-end porcelain tube. The thermocouple and its protection tube 
were so placed that the hot junction of the couple was approximately 
in the longitudinal center of the hot zone and about one-half inch 
above the axis of the tube. In this position the distance of the 
sample from the couple was always between one-quarter and one- 
half inch, the center of the sample being directly under the hot junc- 


tion of the couple. The thermocouples used were platinum, platinum- 






rhodium and the voltage they developed was measured by a portable 
potentiometer graduated in tenths of a millivolt. The porcelain tube 
was protected from direct contact with the flame of the burners by 
a D-shaped carborundum muffle. To secure a uniform flow of gas 







in the tube, it was packed for a distance of about nine inches ahead 
of the inlet with porcelain chips. 
Flowmeters of the ordinary friction type using mercury as the 


indicating fluid were used for the measurement of quantity in the 
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case of the permanent gases, carbon dioxide, carbon monoxide, 
hydrogen, air and commercial illuminating gas. These meters were 


calibrated in terms of cubic feet per hour against a Sargent wet test 
meter for the specific gas to be used. 

Steam for use in these runs was generated in a small boiler made 
of 4++inch steel pipe which contained an electric immersion heater. 
(n addition, a smaller boiler was used for low rates of flow since the 
control of the large boiler was not sufficiently accurate for small 
outputs. It was necessary to free the steam from any gases dis- 
solved in the water. This was done in each of the boilers by allow- 
ine’ the water to boil vigorously for at least one-half hour and ex 
hausting the steam to the air before connecting the furnace tube. 

To introduce steam into a hydrogen stream, a saturator was as- 
sembled which consisted of five bottles, connected in series by glass 
tubing and well sealed. These were immersed in a water bath which 
could be maintained at constant temperatures within + 0.1 degree 
Cent. The saturator was checked at various points in the range 
where it was to be used and was found to be accurate within 0.1 per 
cent. The gas to which water vapor was to be added was always 
passed through the saturator for about an hour before starting a 
series of experiments in order to eliminate gases which might have 
heen dissolved in the distilled water used in the bubbling towers. 

Carbon monoxide for use in the runs tc determine the exten- 
sion of the Fe: FeO: CO: CO, equilibrium was prepared by allow- 
ing formic acid to drop slowly into hot concentrated ‘sulphuric acid. 
Carbon dioxide and hydrogen were obtained from tanks. All of 
these gases were purified by passing through absorption trains. For 
vas-air combustion atmospheres, air was taken from the laboratory 
line and gas from a pressure storage tank which had been filled from 
the city mains. This insured a source of gas having a constant 
composition. 

The metals used are listed in Table I. The steel samples were 
prepared for use in 2-inch lengths and polished to a uniform bright 
ness with OO emery cloth. The electrolytic. iron used was in the 
form of hollow cylinders having a 3'5-inch wall. These were polished 


in a manner similar to that of the steel samples. 


Method 


The procedure used in the scaling tests has been previously 
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Table I 





Chemical Composition of Steels 
Per Cent 

Steel c Mn Si S Pp Ni Cr Va Mo WwW 
Electrolytic 
Iron 0.012 0.008 0.001 0.007 0.002 
1015 0.19 0.53 0.18 0.020 0.016 
1030 0.28 0.653 0.01 0.032 0.013 
1050 0.52 0.64 0.034 0.025 
1090 0.88 0.34 0.018 0.029 
High Carbon 
Tool Steel 1.12 0.33 0.21 0.026 0.011 
2320 0.17 0.59 0.24 0.026 0.018 3.40 
3130 0.35 0.56 0.025 0.016 1.11 0.56 
6145 0.47 0.58 0.16 0.015 0.015 0.98 0.24 
4140 0.39 0.67 0.024 0.020 0.93 0.32 
4615 0.21 0.54 0.29 0.012 0.017 1.81 0.25 
High Speed 
Steel 0.73 0.32 0.08 0.018 0.025 4.27 1.06 18.62 








described.*" This procedure was also used in equilibria determinations 
with hydrogen, steam, and carbon monoxide-carbon dioxide atmos- 
pheres. A weighed electrolytic iron cylinder previously described 
was mounted in the same fashion as the steel samples in the scaling 
tests and then introduced into the porcelain tube. The atmosphere 
in the tube had previously been adjusted to the desired ratio of 
steam to hydrogen or of carbon dioxide to carbon monoxide, and the 
sample was then exposed to the action of this moving atmosphere for 
a period of 30 minutes in the case of the steam-hydrogen experi- 
ments or for a period of one hour in the case of the carbon dioxide- 
carbon monoxide determinations. After this exposure the sample 
was withdrawn into a quenching bath of distilled water as described. 
The quenching, while it immediately stopped any scaling reaction at 
high temperatures, resulted in the formation of small amounts of 
oxide by reaction of the iron with water, particularly on samples 
which were unscaled in the chosen furnace atmosphere. But the 
amounts of oxide formed during the short quenching times on un- 
scaled iron or steel were found to be approximately constant for any 
given temperature at which the metal was immersed. 

In the case of steam-hydrogen runs, visual observation served to 
determine whether or not the sample had scaled in the chosen atmos- 
phere, since the reaction, if it proceeded, gave an easily recognizable 
quantity of scale. This observation was subsequently checked by 
determining the loss in weight using the stripping methods outlined 
in the previous paper. Because the reaction was much slower when 


*W. E. Jominy and D. W. Murphy, Transactions, American Society for Steel Treat- 
ing, Vol. 18, 1930, p. 19. 
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atmospheres of carbon dioxide and carbon monoxide were used, it 
was necessary when using these atmospheres to rely on weight deter- 
minations to ascertain whether the action of the atmosphere had been 
scaling or non-scaling. The composition of the gases flowing through 
the tube was then varied until two compositions were found whose 
contents of oxidizing gas differed by not more than 2 per cent when, 
at the same temperature, one produced scaling and the other did not. 
In some cases the difference between the contents of oxidizing gas 
in two atmospheres was as low as 0.5 per cent, but this small range 
was not the rule. In the preliminary experiments with carbon 
dioxide-carbon monoxide mixtures, the usual range between carbon 
dioxide contents of scaling and non-scaling mixtures was 2 per cent, 
but in the final experiments this range was decreased to 0.6 per cent. 
The differentiation between scaled and non-scaled samples was very 
sharp even with this reduced range, and the method is, consequently, 
thought to be very sensitive. Fig. 5 is a typical illustration of the 
data secured and shows the marked increase in oxidation which oc- 
curs when the atmosphere becomes slightly oxidizing. At tempera- 
tures of 1370 and 1425 degrees Cent. (2500-2600 degrees Fahr.) 
where the oxide is liquid, it was necessary to alter the method of 
mounting these samples. Boats were fabricated from a chromium 
oxide cement to contain two sillimanite crossbars. The boat was 
brought to the temperature of the furnace and the sample then 
placed on the two sillimanite bars. At the termination of the run 
it was only necessary to remove the sample, since one boat was suf- 
ficient for several heats. The rest of the procedure at these tempera- 
tures was entirely similar to that at lower temperatures. 

Gas analyses were necessary to check the condition of the tube, 
and composition of gas mixtures. The apparatus was a modified 
Orsat which had provision for the determination of carbon dioxide, 
oxygen, carbon monoxide, hydrogen, unsaturated hydrocarbons, and 
hydrocarbons of the methane series. 

The total error that may be expected in individual measurements 
of scaling appeared to be about + 2.5 per cent which would indicate 
a possible variation of 5 per cent between individual runs under like 
conditions. In the case of determinations of the equilibria in the 
Fe:O:H and Fe:C:O systems, the only matter of interest was the 
question of whether or not the sample had scaled. The results were 
therefore not sensitive to time errors nor to some of the weight 
errors, since the question of rate of oxidation was not involved. The 






















04 TRANSACTIONS OF THE A. S. 8S. 17 Ja 





chief errors then are those of temperature measurement and gas ¢ 
position. It has been estimated that the temperature errors may |y 


0.5 per cent while the composition errors may be + 0.2 per cent. 


making a total error of + O.7 per cent in each determination. 





sources of uncertainty in drawing curves will also be reviewed. I 
thes 
DiscussION OF RESULTS Fal 








The variables in the process of the oxidation of iron are the 
effect of variation of velocity of the gas stream, the effect of variation 


of the temperature at which the steel 1s exposed, the effect of varia- 
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Fig. 1-——Effect of Variation of Velocity of 
Gas on the Scaling of S.A.E. 1015 Steel at 1250 
Degrees Cent. (2280 Degrees Fahr.). 








tion of time of exposure, the effect of variation of the carbon content 
of the steel, and the effect of variation of size. The data on variation 
of time, temperature, and velocity in atmospheres of dry air, carbon 
dioxide, and steam were presented in a paper by W. E. Jominy and 
D. W. Murphy*®, previously referred to. These data are reproduced 
in the curves of Figs. 1, 2, and 3. No discussion of scaling would be 


complete without reference to the effect of atmosphere. However, 
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study of this effect is exceedingly difhcult when the products of 
combustion of city gas and air are chosen as the atmosphere. 
be shown that this problem is considerably simplified by the applica- 
on of data obtained in the study of equilibria in the systems Fe: 
reO: CO: CO, and Fe: FeO: H, and H,O. The investigation of 
these systems at temperatures over 1000 degrees Cent. (1830 degrees 


Fahr.) has led to some interesting and important information con 
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Fig. 2—Effect of Vartation of Temperature 
on the Scaling of S.A.E. 1015 Steel in Various 


Gases. 


nected with the melting of ferrous oxide. The data for the Fe: FeO: 
H.,: H,O system was presented in a recent paper by Jominy and 
Murphy** and Figs. 6 and 8 are reproductions of that data. 


Effect of Area 


The data of Table I] show quite conclusively that the oxidation 
process is a surface phenomenon as it is quite evident that the scaling 
loss is proportional to the area of the sample. However, there must be 
a limiting size of sample below which the mass of metal will enter 
as a factor. This arises from the fact that the reaction in question, 


7Jominy and Murphy, Journal of Industrial and Engineering Chemistry 
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3Fe + 2 0, > Fe,QO,, is exothermic. Hence, there will be a tendency 


ar 
as the size of the sample is decreased for the development of heat to ‘aan 
increase the temperature of the sample, and, consequently, to increase a 
the rate of reaction. In all cases, however, where the heat resulting > 
from the surface reaction is not concentrated on a relatively small to 
mass, the reaction will proceed as a strictly surface phenomenon, and - 
the amount of metal lost by oxidation will be proportional to the area ™ 
of the sample. The limiting size, below which the loss of metal by “a 
oxidation would cease to be proportional to the area, is not definitely t] 


known, and, furthermore, it would vary for different temperatures 
inasmuch as the concentration of heat is partly dependent on the initial 
reaction rate. The fact that the scaling loss is proportional to the area 
offers no clue to the mechanism since it means only that the active 
mass of iron concerned in the reaction is solely in the surface layer. 


Effect of Carbon Content 





It is apparent from a consideration of the data presented in 
Table [Il and Fig. 4 that the effect of the carbon content of the steel 


Table Il 
Effect of Variation of the Size of Sample on Scaling of SAE 1015 Steel in 
Dry Air at 1260 Degrees Cent. 
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AR7 +0 60.0 0.500 7.96 0.1753 0.2428 
ARS 40 60.0 0.500 7.58 0.1672 0.2366 

Average 7.77 0.1712 0.2397 0.715 
AR9 +0 60.0 0.375 9.65 0.1647 0.2400 

AR10 +0 60.0 0.375 9.99 0.1753 

Average 9.82 0.1700 0.2400 0.709 
ARI11 +0 60.0 0.6197 6.86 0.1829 0.2554 
AR12 40 60.0 0.6230 6.66 0.1787 0.2480 

Average 6.76 0.1808 0.2517 0.719 
630 40 60.0 0.8138 4.88 0.1675 0.2320 
646 +0 60.0 0.8135 5.18 0.1728 0.2406 

Average 5.03 0.1701 0.2363 0.720 








is rather capricious at 0.5 per cent and below. It will be noted that 
the loss of metal by scaling is definitely decreased in the high carbon 
range. Scott't has attributed this to the preferential oxidation of 
carbon. There is also another possibility which would account for 
the decreased scaling loss in dry air in the high carbon steels. It 
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Jany ; | 
” would be expected that the carbon of the steel would be oxidized to 
dency ; ee 
’ carbon monoxide which being present within the scale would have a 
Cat to ee mer ‘ j ‘ ; : 
cr tendency to retard the oxidizing action. An examination of the ratio 
Case ae ‘ . » . . 
ulti column of this table shows that the proportion of FeO in the scale 
> Inp 2 . ° i . ° 
. is increasing as the carbon content increases; that is the ratio begins 
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. Fig.3—Effect of Variation of Time Exposure 
(09 on the Scaling of S.A.E. 1015 Steel at 1260 De- 
grees Cent. (2300 Degrees Fahr.). 


in 
this is the effect noted, although the operation of this factor is cer- 

- tainly not pronounced in low carbon steels. 

it Effect of Velocity 

n ; ; eee ; ee 

; One of the most interesting features of the data shown in Fig. 1, 
in which the velocity of various gases was varied, is that as the 

, ) 


velocity of the stream is increased a constant loss is attained which 
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Table Ill 
Effect of Variation of Carbon Content on the Scaling of Steel 
at 1260 Degrees Cent. in Dry Air. 































Velox R 
ity of Loss in Weight Los 
Au Loss in Weight of Scale Wot 
Run Per Cent Ft. per Time Weight Gms. pet Gms. pet Wet 
N Steel Carbon Minute Minutes Per Cent sq. cm. sq. ¢m Sca 
LOLS 0.18 60 +0 4.86 0.1640 
630 10] 0.18 60 40) $.88 0.1675 0.2320 0.7 
ave 4.87 0.1657 
A1-21 1030 ).28 60 +0) 8.09 0.2485 0.3520 
Al 1030 0.28 60 +0) 7.91 0.2455 0.3420 
avg 8.00 0.2470 0.3470 0.71 
1s 050 0.52 60 +0 7.35 0.2320 0.3240 
A2-19 L050 0.52 60 +0) 6.65 0.2100 0.2840 
av 7.00 0.2210 0.3040 0 
A3-1; 1090 O.88 60 10 6.35 0.2000 0.2720 
A 3.18 1090 0.88 60 10) 6.30 0.1980 0.2700 
ivg 6.33 0.1990 0.2710 0.7 
K-18 High ¢ Lae 60 +0 4.99 0.1790 0.2395 
kK } High ¢ 1.12 60 +O 4.62 0.1652 0.2200 
ive 4.80 0.1721 0.2298 0.75 








does not appear to be affected by a further increase in velocity. There 
is no probable mechanism of continued oxidation of a metallic surface 
which does not include migration of oxygen inward through the scale 
after the first oxidation has occurred. If no such transfer of oxygen 
were present, the process of oxidation would be considerably inhibited 
since it could only take place upon iron which had diffused outward 
provided the scale remained intact on the surface. [Even the various 
theories in which higher oxides are regarded as oxygen carriers in 
reality reduce to a diffusion phenomenon for in this case the inward 
diffusion of oxygen is accomplished by the alternate formation and 


reduction of higher oxides. Since any plausible mechanism must 








provide for diffusion of the oxidizing agent through the scale, the 
question of supply of the oxidizing agent must occur. Admittedly, 


the supply of oxygen is dependent on the velocity of the gas stream 














which must replenish the oxidizing agent absorbed by the reaction 





from the film of gas surrounding the metallic sample. From this 


reasoning it appears that rates of flow of gas must exist which can- 





not maintain the supply of oxidizing agent at a sufficient level to 
satisfy the requirements of the reaction at the particular temperature 
heing studied. 














Likewise, it is evident that when the rate of supply 
becomes equal to the maximum rate at which the oxidizing agent is 


used at the temperature in question, the reaction proceeds to its full 











extent and no further increase in rate of supply can alter the amount 
of metal entering the oxidizing reaction. The characteristics of the 
curves of Fig. 1 evidently fulfill this conception. First, then, to 























SCALING OF STEEL AT HIGH TEMPERATURI 209 


ure comparable results on rates of oxidation, it is necessary to 
rry on the experiments in a range of velocity where the supply ot 


e oxidizing agent is assuredly more than equivalent to the rate at 





one . vhich this agent can be used. For this reason observations of scaling 
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S in Fig. 4—Effect of Variation of Carbon Content 
- “| of Steel on the Scaling in Dry Air at 1260 Degrees 
ral Cent. (2300 Degrees Fahr.). 
and 
lust rates in this work have been carried on with rates of flow of 60 
the feet per minute, a rate which seems to insure ample supply. 
dly, 
an Effect of Temperature 
— Temperature, of course, has a pronounced effect on the rate otf 
this oxidation of steel, as is clearly demonstrated in Fig. 2. The curves 
wal in the region covered in this research seem to be nearly linear until 
to the melting point of the oxide is attained. The sharp break which 
ure occurs in all the curves above 1315 degrees Cent. is additional ev1 
ply dence that the degree of continued oxidation is conditioned upon the 
Ss protective action of the scale. Since the melting point of the oxide 
ull scale lies below 1370 degrees Cent. (2500 degrees Fahr.) the scale 
= must exist in a molten condition at this latter temperature, and in 
he the molten state its protective action against further oxidation is de 
to stroyed. The empirical expressions for the curves of Fig. 2 are easily 
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established for the range 1095 to 1315 degrees Cent. (2000-2400 
degrees Fahr.) according to the general form W = A + BT, where 
W is the loss in weight in grams per square centimeter for 40 minute 
runs, T is the temperature in degrees Centigrade, and A and B are 
constants. For the three gases dry air, steam, and carbon dioxide, the 
data from 1095 to 1315 degrees Cent. (2000-2400 degrees Fahr.) may 
be expressed as follows: for air W = 0.000455T — 0.4118; Sie 
steam, W = 0.001539T — 1.5244; and for carbon dioxide, \W 
0.000638T — 0.6375. 


Effect of Time 





From the form of the curves of Fig. 3 where loss in weight per 
square centimeter is plotted against time, it is apparent that the rate 
of oxidation is diminished as time is increased. Since the mechanism 
must involve diffusion of the oxidizing gas through an increasing 
thickness of scale, it is evident that this diffusion factor will operate 
to reduce the rate of oxidation as the time of exposure increases. 
For air the data for 1260 degrees Cent. (2300 degrees Fahr.) yield 
the equation W* = 0.000604t, where W is the loss in weight per 
unit of area, and t is the total time in the furnace in minutes. 

The data with steam and carbon dioxide are not so easily re- 
duced to empirical formulae. The results with steam are well ex- 
pressed by an equation of the type W* = kt + b. This type is 
bound to fail for short times because of the constant “b”. Evalua- 
tion of the constants yields the expression: W? = 0.007371 t — 
0.0986. It is evident that with this type of equation representing the 
data at 1260 degrees Cent. there is insufficient data in Table V1 
to permit a calculation of the reaction constants at the various tem- 
peratures. The data for carbon dioxide are best expressed by the 
equation t = (26.86 W + 1.605)*. To determine the weight, — 
time, — temperature equation would in this case, also, require more 
data than that presented in Fig. 2. The rate of oxidation unques- 
tionably falls off as time increases. 


The Mechanism of Oxidation 





Pfeil*® in his excellent research established the fact that oxides 
of high oxygen content will react with oxides of lower oxygen con- 
tent even when the oxides are not actually in contact. But this reac- 
tion is without doubt slow according to the time periods used to 
establish the trend of the reaction, and, consequently, no great amount 
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oxidation would result by this means. But his chief addition to 
e theory of the mechanism of scaling was that in addition to the 


til 
oxygen diffusing inward through the scale, the iron must also diffuse 
outward through the scale. 

In support of his theory that iron must also diffuse outward, 
Pfeil cited several phenomena, among the most interesting of which 
was the occurrence of punch markings within the body of the scale. 
These markings originally present on the surface of the steel were 
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Fig. 5—Effect of Small Variations of Gas 
Composition Near the True Equilibrium Range 
on the Loss in Weight of Iron Samples at 1260 
Degrees Cent. (2300 Degrees Fahr.). Data 
from Fe-O-H System. 
preserved in relief in their original outline at a position which cor- 
responded with the initial dimensions of the steel sample. The relief 
figures were evident in the middle portion of the scale and accord- 
ingly were not visible on the outside or the inside when the scaling 
process had been carried on for a sufficient length of time to diminish 
considerably the dimensions of the sample. The fact that the figures 
were built in relief and were imbedded in scale at their original posi- 
tion could only be explained by the outward diffusion of iron. Ob- 
viously any plastic flow in the scale would cause at least a distortion, 
if not a total disappearance, of any figures arising from the original 
configurations on the surface of the steel. This phenomenon cited by 
Pfeil has been confirmed in the present work. 
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The mechanism of solid diffusion seems to involve the assun 





tion that the diffusing solid shall first dissolve in the solid through 
The driving force for diffusion must th 

depend on a difference in concentration of the diffusing solid between 
that portion of the solid solution which is in immediate contact with 
the diffusing solid, and which may be considered as saturated with 
respect to that solid and the main portion of the solid solution. Thus, 
if there were no possibility of maintaining the main portion of the 
solid solution in an unsaturated state with respect to the diffusing 


solid, the diffusion would cease when the whole portion of the solid 


The oxidizing power of a certain 


gas would then be partly conditioned on the ease with which it 
would maintain the main portion of the oxide scale in an unsatu- 
rated condition with respect to iron; and this in turn is dependent on 


the speed with which the gas molecules can diffuse into or permeate 


(Of course, the maintenance of a con 


» 


l 


scale is expressed as follows: De \ ; L\p 


etfective driving force causing diffusion. 


diffusing inward and also to the amount of reducing gas diffusing 


tinuous diffusion of iron outward would also necessitate at all times 
an oxide-metal interface, since, 1f this interface was destroyed, no 
iron could be withdrawn from the main body of the metal except as 
vapor which would be highly improbable at the temperatures involved. 

The results obtained with carbon dioxide and steam yield in- 
teresting information concerning the nature of the process of oxida- 
tion which has been briefly postulated. If the scaling losses at 1260 
degrees Cent. for various times in an atmosphere of steam are di- 
vided by the scaling losses at the same temperature for the corres- 
ponding times in an atmosphere of carbon dioxide, it will be observed 
that the ratio of losses in the two atmospheres is approximately con- 
2.5. The rates of these two reactions, of 
iron with steam, and of iron with carbon dioxide, must be propor 
tional to the relative speeds of diffusion of the individual gases, to 
the effective driving torce which enables diffusion to proceed and, 
according to Pfeil, to the rate of diffusion of iron. According to 


(Graham's law of diffusion, the amount of gas diffusing through the 


A 


where M is the molecular weight of the diffusing gas and /\p is the 


The loss in weight, W, will 


of course, be directly proportional to the amount of oxidizing gas 
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tward and hence the loss in weight will be proportional to the 
oduct of the amounts of gases diffusing. The term p is con 
idered as the difference in concentration of the diffusing gas at the 
utside of the scale and its concentration at some point within the 
cale where equilibrium niay be considered to have been established. 
the equilibrium concentrations of carbon dioxide and carbon mon 
oxide and of steam and hydrogen in contact with iron and ferrous 
xide are given in Figs. 6 and 7. The driving force at 1260 degrees 
Cent. for the inward diffusion of carbon dioxide is 1.00 Q.22 or 
0.78 since the gas outside the scale is pure carbon dioxide and since 
the point where equilibrium is assumed, the concentration of ear 
oo >) 


bon dioxide is 22 per cent or 0.22 mol fraction as read from Fig 


Pace 


Likewise the driving force for the outward diffusion of carbon mon 
oxide is 0.78 —O or U.78 since its concentration at the equilibrium 
point is 78 per cent or 0.78 mol fraction while in the atmosphere out 
side the scale its concentration is not greatly different from 0. 
from this reasoning, omitting for the present any discussion of 
the diffusion of iron, the gaseous diffusion factors affecting loss in 
weight by scaling in carbon dioxide atmospheres may be formulated 
Be es 
as follows: Wo « Va Peo: VW Z\ Peo Where W is the loss 
CO, CO 
in weight and CO and CO, represent the molecular weights of these 
oases. In this expression the relative speeds of diffusion of Yaseous 
reagent and product and the driving force available to cause dif- 
fusion in each case occur. Ina like manner the reaction with steam 
| 


may be formulated as W « \ 4 pH, \ 7 Z\ pu.o. The 
QO 


expression for oxidation in carbon dioxide atmospheres becomes 


l 
W a < 0.78 > < 0.78 when the molecular weights and 
V4 \ 28 r 


the proper values of Apeos and Apeo are substituted. When the indi- 
cated operations are performed W « 0.0173 at 1260 degrees Cent. 
tor carbon dioxide oxidation. In the case of steam the expression 


l | | 
; ) > comes el < 0.56 
HL, pis \ HO PH.O becomes \\ \ 3 
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— 0.56 or W « 0.0524. On this basis it would appear that 
18 




















214 TRANSACTIONS OF THE A. S. S. T. Janua 





the scaling losses in steam and carbon dioxide atmospheres should 


_ 0.0524 . . 
possess the ee 1260 degrees Cent. or 3.02. Actually it 
A a. ° 


was found that this ratio has a value of 2.5 which is somewhat lower 
than the calculated value indicating that the scaling in carbon dioxide 
was more vigorous than the previous calculation would indicate. 
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Fig. 6—Equilibrium Compositions for the 
System Fe-FeO-H,-H20. 





















Pteil has suggested that the rate of scaling also depends on the 
rate of diffusion of iron outward through the scale. Thus far in the 
discussion only the diffusion of the gaseous reagents and products 
have been considered and it is seen that this does not lead to a com- 
plete correlation of the two sets of data. In order to account for the 
lower observed ratio of scaling losses in the two gases it will be neces- 
sary to introduce this third factor, namely the diffusion of iron. It 
then appears probable that the effective rate of diffusion of iron through 
the scale instead of being equal in the two cases as was tacitly assumed 
in the previous formulation is somewhat greater in the case of oxi- 
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dation with carbon dioxide than in the case of oxidation with steam. 
In fact it would be expected that the effective rates of diffusion of 
iron through oxides formed by carbon dioxide and in steam would be 


3.0 


ower in the ratio of - 


- where 3.0 is the calculated ratio of loss in weight 


. 4 > _ 
oxide bua 


in steam to loss in weight in carbon dioxide and 2.5 is the observed 
ratio of losses. The effective rate of diffusion of iron in the case of 
oxidation by carbon dioxide would thus be 1.2 times the effective 























x oxidizing side 
reducing side 
Chaudron . 

| o= oxidizing side | 
600|" >» reducing side | 
| @ Matsubora 

& Schenck 

s00__1_1 
0 10 ‘> 
100 90 80 60 50 %CO 








Fig. 7—Equilibrium Compositions for the Sys- 

tem Fe-FeO: CO-COsz. 
rate of diffusion of iron in the case of oxidation with steam. It has 
been consistently observed in this research that the scale formed in 
carbon dioxide atmospheres adheres more tenaciously to the steel than 
does that formed in steam atmospheres. The tenacity of adherence 
of the scale to steel is at least partly dependent on the porosity of the 
scale so that the carbon dioxide scales would be somewhat less por- 
ous than the steam scales. This slight difference in porosity would 
allow for a slightly greater effective rate of diffusion of iron through 
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the carbon dioxide scale than through the steam scale since 
area available for diffusion is greater in the carbon dioxide scak 

From the foregoing reasoning the effect of the diffusional pro; 

erties of the gas is apparent. Since the diffusion of steam through 
the scale according to Graham's law will be more rapid than that 
carbon dioxide, the oxide layers in the case of oxidation under wate: 
vapor atmospheres will be more easily maintained in a state of wm 
saturation with respect to iron than in the case of carbon dioxide 
oxidation. This will allow a greater diffusion of iron and conse 
juently a more rapid growth of the oxide layers. In addition, the 
gaseous product of oxidation of iron with steam possesses a mort 
rapid rate of diffusion than does the gaseous product of oxidatioi 
with carbon dioxide, so that the presence of hydrogen in the first 
case will retard the reaction to a lesser degree than will the presence 
of carbon monoxide in the second case. It is evident, then, that the 
diffusion of reagent and product will operate so that the reaction with 
steam may proceed with considerably greater speed than that reaction 
with carbon dioxide. 

The mechanism as now conceived involves the molecular diffusion 
of oxidizing gas inward and a diffusion of iron outward. The mag- 
nitude of the scaling effect at a given temperature during any time is 
at least partly dependent upon the relative speeds of diffusion of 
gaseous reagent and product. The magnitude of the effect is also 
dependent on the rate of diffusion of iron outward, which has been 
postulated as being affected by the relative speeds of diffusion of 
gaseous product and reagent considering that the diffusion rate is 
dependent upon the ease with which the main portion of the scale is 
maintained in a state of unsaturation with respect to iron. The speeds 
of diffusion of gaseous reagent and product may also affect the mainte 


nance of a metal oxide interface and thus the rate of oxidation. 
X-Ray Studies of Oxides 


The similarity of the scales produced in carbon dioxide and 
steam is borne out by examination of the data derived from X-ray 
studies and summarized in Table [V which shows that there is no 
variation of lattice constant of either FeO or FeO, with temperature 
or atmosphere. Wykoff** has given 4.29 Angstrom units as the con 


stant of FeO, and 8.37 Angstrom units as the constant of Fe,). 
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Che Structure of Crystals: Chemical Catalogue Co 
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Table IV 
Variation of Lattice Constants and Chemical Composition of Oxides with Temperature. 
FeO FesO, 


Temperature Lattice Lattice 
Degrees Cent Const Const 
1149 i rs / \ 
1206 1 287 

1260 


(wo oxides whose constants are of similar magnitude are shown to 
exist, one having a constant of 4.288 and the other having a con- 


stant of 8.375A. These may be identified as FeO and Fe,QO, by 


comparison with Wykoff’s values. X-rays failed to reveal any dis 


tinct metallic iron lattice in these oxides. There seems to be no dis 
tortion of the FeQ lattice so that the quantity of iron in solution in 
the oxide may be assumed to be very small. Chemical analysis has 
indicated the presence of 0.1 to 0.2 per cent metallic iron. Two 
samples of oxide which were produced with a slightly oxidizing mix 
ture of hydrogen and steam, one at a temperature below the melting 
point and the other at a temperature above the melting point, were 
photographed by means of X-rays. In the preparation of these two 
samples of oxide the atmospheres were so adjusted that no free ferro- 
ferrte oxide could result from oxidation in the furnace since the 
mixtures of hydrogen and steam were only slightly oxidizing with 
respect to iron. Consequently, these samples should consist of nearly 
pure ferrous oxide since both were cooled extremely rapidly from 
the temperature of formation. It is possible then to place consider- 
able reliance on the constant determined from these two samples of 
oxide which is 4.289A. This is in good agreement with the value 
given by Wykoff and cited previously. It has been mentioned that 
the lattice constants of FeO as given in Table [VY show no variation 
with respect to temperature and atmosphere. It does not seem con- 
ceivable that large quantities of ferro-ferric oxide could dissolve in 
ferrous oxide without a considerable lattice distortion in view of the 
marked difference in lattice constants of the two oxides. From these 
facts there appears to be small possibility of extensive solid solution 


of ferro-ferric oxide or iron in ferr« US oxide, 
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There has in the past been some idea that ferrous oxide lost its 
identity above the melting point. One sample of scale formed under 
an atmosphere of carbon dioxide at 1370 degrees Cent. (2500 degrees 
Fahr.) which is definitely above the melting point, and another sam- 
ple obtained at 1425 degrees Cent. (2600 degrees Fahr.) with an at- 
inosphere of hydrogen and water vapor so adjusted as to be slightly 
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Fig. 8—Equilibrium Constants on the Fe-O-H System at Temper 
atures up to 1425 Degrees Cent. (2600 Degrees Fahr.). 
















oxidizing, were subjected to X-ray analysis. The results appear in 


Table IV. When the values of the constants of these two samples 


are compared with those formed below 1370 degrees Cent. (2500 : 
degrees Fahr.) there can be no doubt that the lattice constant of fer- “ 
rous oxide has undergone no alteration by reason of having been ( 
formed in the molten state. It, therefore, seems reasonable to assert ( 
that ferrous oxide is stable above its melting point. This point is of | 
interest in view of the equilibrium data obtained in this work. 


Equilibria in the Systems Fe:O:H and Fe:0:C 


During the course of the investigation it appeared that the meth- 











ods which had been developed for the determination of rates of 
scaling could also be applied to the extension of the data on the 
systems Fe: FeO: H,: H,O and Fe: FeO: CO: CO, to higher tem- 
neratures than had previously been used. The basis of the adapta- 
tion of the scaling methods to equilibrium determinations is that at 
any temperature the true composition of a gaseous phase in equili- 
brium with a solid phase consisting of Fe and FeO must lie between 
two gas phase compositions of which one produces oxidation of iron 
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and the other does not. If the gas phase has a sufficient velocity, the 


effect of each type of atmosphere on iron may be ascertained without 


reference to the composition of the gases after contact with the sam- 
ple. An atmosphere which contains slightly more than the neces- 
sary amount of reducing agent required to prevent scaling will of 


course result in no oxidation, while an atmosphere that contains 


slightly less than the necessary amount will cause oxidation. The com- 
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Fig. 9—Equilibrium Constants on the Fe-C-O System at Temper 
atures up to 1427 Degrees Cent. (2600 Degrees Fahr.). 


plete curve is drawn, as shown in Figs. 6, 7, 8, and 9, so that at all 
temperatures it lies within the narrowest range between oxidizing 
and non-oxidizing compositions of the atmosphere. The range of 
composition between oxidizing and non-oxidizing atmospheres, may, 
of course, be within any desired limits. It must be remembered, 
however, that the narrower the range, the more time will be necessary 
to establish the effect of any certain atmosphere on iron since the 
rate of oxidation as the true equilibrium composition is approached 
becomes very slow. 

It is apparent from Figs. 6 and 7 in which the gas composition 
is plotted against temperature in degrees Centigrade, that the data 
for these two systems furnish an excellent check on the work of 
Emmett and Schultz 


10 


in the Fe:O:H system and on the researches of 
Schenck" in the Fe:O:C system. For comparison with the work of 
other authors the results of some researches have been plotted. It 
will be observed that Eastman and Evans” data on the Fe:O:H sys- 
tems, which it may be said agree generally with that of Schreiner and 
Grimnes*® and that of Wohler,*” are definitely in the oxide region 
















































































































Table V 
Scaling and Non-scaling Mixtures of Carbon Dioxide and Carbon Monoxide at 
Temperatures of 1095 to 1425 Degrees Cent. 





Condition of Equil. Const 
RR remperature Per Cent Sampl PCO 
Degrees Cent CO After Testing K 









Scaled 
| 1093 7.0 Scaled 0.370 
1093 6.9 Scaled 0.368 
L093 6.4 Scaled 0.358 0.44 
Not Scaled 0.339 
Not Scaled 1.330 














according to the data presented in this paper and that presented by 
kmmett and Schultz. The results of Chaudron*! which are char 
acteristic of the group of authors who found lower values of the 
equilibrium constant pH.O/pH, are not so very different from thos¢ 
of Emmett and Schultz. For the Fe:C:O system, the data ot! 
Matsubara,'' of Schenck,'* and of Chaudron,** are plotted in Fig. 7. 
In general their results are not widely different but our data obtained 
at high temperatures and shown in Table V are in better agreement 
with Schenck’s latest values, and, hence, his values have been used 
as the lower extension of the diagram in the Fe:C:O system. 


‘Schreiner and Grimnes, Zeitschrift fuer fnorganische und All 
110, 1920, p. 311. 


Wohler, et al.. Zeitschrift fuer Elektrochemie und Angewandte Physikalische Chen 
3, 1917. 1 119: Vol. 23 1921, p. 406; Vol. 29, 1923, p. 226. 
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In the description of methods previously used by investigators 

such systems it will be noted that with few exceptions the method 
mployed has been a so-called static one. The principal exceptions 
re Emmett and Schultz who devised an excellent flow method for 
the Fe:O:H system, and whose results, it has been observed, furnish 
an excellent basis for the indirect calculation of water-gas constants. 
Kmmett and Schultz have advanced the hypothesis that certain su 
face phenomena in the case of the Fe:O:H system gave rise to ab- 
normal or false equilibria in the static methods which were exceed 
ingly difficult to correct. On the basis of the variables which in 
fluence the mechanism of oxidation, and which have been discussed, 
there are possibly two other sources of difficulty in the static methods. 
One is based on the fact that in these methods the circulation of gas 
is very slow at the best, and, hence, when any abnormal reaction has 
occurred at the solid surface, the correction of this condition may be 
extremely difficult on account of the slowness of the reaction at low 
velocities ; hence, false equilibria would be rendered easy to attain. 
(he other possible difficulty arises from the fact that in this method 
as applied to the Fe:O:H system low pressures were used which also 
tended to retard the speed of any reaction which might have begun. 
Both the velocity and pressure factors operate in such a way that the 
reaction is rendered slow, probably much more so than many authors 
believed, so that the attainment of a true equilibrium would require 
a long time if any reactions had occurred with abnormal intensity at 
the beginning. Although many investigators have claimed that they 
have positively approached equilibrium from both directions, a con 
sideration of their results in view of the evident slowness of the re- 
action under the condition with which they worked renders the truth 
of this assertion doubtful. Certainly, the conditions of many ex 
periments were such that an abnormal reaction at the start might 
never be corrected in a reasonable length of time. With the flow 
methods at atmospheric pressure the reactions are much intensified 
and their true direction easily ascertained. 

The melting point of the oxide is shown as a definite discon- 
tinuity at 1360 degrees Cent. in the curves of the composition tem 
perature diagrams in Figs. 6 and 7. For both the Fe:C:O and 
Fe:H:O systems this discontinuity occurs at nearly the same tem- 
perature so there 1s reason to believe that the discontinuity arises from 


the same source, the melting of FeO, in both cases. Of course, there 
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are several possible positions for a line drawn within the range 


=" 


tween the oxidizing and non-oxidizing atmospheres at 1370 degrees 
Cent. and 1425 degrees Cent. (2500-2600 degrees Fahr.) and in each 
of these positions the line would intersect the curve for solid FeO at 
a slightly different temperature so that the melting point can be con- 
sidered as 1360 degrees Cent. + 5 degrees Cent. (2480 degrees Fahr. 
+ 9 degrees Fahr.) excluding the inherent errors of temperature 
measurement which have already been cited. The identity of the 
oxide both above and below the melting point has already been es- 
tablished on the basis of the X-ray diagrams of this work. 

The heat of fusion of ferrous oxide may be calculated from our 
data. In Figs. 8 and 9 the values of log K have been plotted against 
1/T, when K is pH,O/pH, or pCO./pCO, and T is degrees abso- 
lute. The curves in these figures have likewise been drawn so that 
at all temperatures they lie within the range between oxidizing and 

din Kk 
non-oxidizing atmospheres. The thermodynamic formula —— 


. d] 
AH ' : : 

== —— , where AH is the heat of reaction, and R the universal gas 
RT? 

constant, is employed to find the heat of fusion. This may be re- 

written, 


d In kK AH, or d In K —A\H 
dT R * ] R 
ui 
The heat of reaction then is simply the slope of the Ink — — curve 


at any point multiplied by R. If the heats of reaction in the direc 
tion FeO + H, = Fe + H,O or FeO + CO 2 Fe + CO, are de- 
termined at the melting point, one being derived from the curve for 
solid FeO and the other from the curve for liquid FeO, the difference 
between these heats of reaction is attributed to the absorption of en- 
ergy in causing FeO to liquefy. These calculations have accordingly 
been carried out for both systems and yield the following results: 


Fe:H:O below melting point AH +2300 cal/gm mol 


Fe:H:O above melting point AH = —26600 cal/gm mol 
Heat of fusion of FeO = + 28900 cal/gm mol 

Fe:C:O below melting point AH = —4600 cal/gm mol 
Ke:C:O above melting point AH = —31300 cal/gm mol 


Heat of fusion of FeO = + 26700 cal/gm mol 
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The values of the heat of fusion check to 2200 cal., the average 
being +28000 calories per gram mol. However, since the same error 
is resident in drawing the curves above the melting point, namely 
the fact that a line drawn within the range between oxidizing and 
non-oxidizing atmospheres may occupy several positions, this value 
of +28000 calories can be considered correct only to +5000 calories. 
\s far as is known these are the only data secured at sufficiently 
high temperatures to permit a calculation of the heat of fusion. 

[In summing up previous work C. H. Herty, Jr.° has given 1355 to 
1370 degrees Cent. (2470-2500 degrees Fahr.) as the melting point 
of ferrous oxide, and the result previously given based on discon- 
tinuities of curves yields 1360 degrees Cent. which is in good agree- 
ment with the values presented by Herty. 


Scaling in the Products of Combustion of Gas 


When city gas and air are burned, the city gas being in excess, 
carbon dioxide, carbon monoxide, steam and hydrogen are present 
in the products of combustion. These will adjust themselves in 
amount to conform to the water-gas constant for the particular tem- 
perature. In calculating the water-gas constant indirectly from the 
Fe:O:H and Fe:C:O systems the ratios H.O/H, and CO,/CO are 
combined so that a non-scaling mixture of the four gases will be 
required to possess certain ratios of H,O/H, and CO,/CO while an 
oxidizing mixture will have other values for these ratios. For in- 
stance at 1260 degrees Cent. (2300 degrees Fahr.) the ratio of 
CO,/CO has a value 0.288, while the ratio H,O/H, has a value of 
0.792, both for non-scaling atmospheres. Those atmospheres in 
which these ratios are greater in value at this temperature than the 
values just given will produce oxidation. 

In Table VI various data are presented for scaling and non- 
scaling experiments at 1260 degrees Cent. (2300 degrees Fahr.) in 
atmospheres consisting of the products of combustion of city gas 
and air. This table shows for a number of steels that atmospheres 
which yield ratios in excess of those read from the equilibria data 
of the two systems produce oxidation, while those atmospheres which 
yield ratios whose value is less than those from the equilibria data 
produce no oxidation. This apparently holds true for a fairly wide 
range of steels, but the adjustment of atmosphere has not in most 
cases been sufficiently close to determine whether or not the equilibria 


































































































































































IRANSACTIONS OF THE A... S. S$. T. 








Table VI 
Comparison of COeCO and H:,O-H,. Ratios for Scaling and Non-scaling Tests on Various 
Steels at 1200 Degrees Cent. All Runs 40 Minutes. 





PCOe PHeO ‘on 
Run K Ke Aft 
N Steel PCO PHe lest 
\ 1030 0.346 0.879 Seal 
\1 rOL0 0.199 0.479 Not Sx 
A 1OS0 0.346 O.SS80 scale 
\? 1050 0.199 0.579 Not Sc 
A3 1090 0.675 1.85 Scaled 
\3 1090 0.199 0.479 Not Seca 
K-1 1.12% 0.333 0.875 Scale 
E-1 1.12%C 0.337 0.310 Not Seca 
FF-14 2320 0.450 1.07 Scale 
KF. 2320 0.238 0.639 Not Scal 
(3-14 3130 0.431 1.07 Scaled 

| 3130 0.219 0.495 Not Scaled 
Q-.21 6145 0.420 1.05 Scaled 
()-] 6145 0.238 0.639 Not Scaled 
1-11 $615 0.610 1.36 Scaled 
1.-14 4615 0.304 0.670 Not Scale 
KK-14 +1140 0.530 1.47 Scaled 
KK-3 4140 0.300 0.520 Not Scale 
YY-13 High Speed 0.354 0.803 Scaled 
¥ Y-] High Speed 0.238 0.639 Not Scalk 
Value %CO.e/G%CO ratio from Figure 7 0.288 at 1260 Degrees Cent. 


Value © HeO/% He ratio from Figure 6 0.792 at 1260 Degrees Cent. 













data can be applied to steels having high alloy contents. It is true, 
however, that the data on the Fe:H:O and Fe:C:©O systems, which 
have in this research been extended to 1425 degrees Cent. (2600 de- 
grees Fahr.) can be used as a general guide to determine the probable 
effect of a certain atmosphere on steel at any chosen temperature 
It should be remembered, however, that application of these data is 
conditioned upon the combustion gases attaining equilibrium before 
the surface of the steel is reached; without this condition obtaining 
the effect of any atmosphere must necessarily be uncertain. 

While most of the variables operative in the oxidation of steel 
have been discussed here it is appreciated that there are some which 
have not been touched. Among these are the effect of surface con- 
ditions of the steel and the effect of elements other than carbon oc- 
curring in the steel as well as the special elements appearing in alloy 
steels. Further information concerning the rate of diffusion of iron 
through oxides and the factors affecting this diffusion as well as in 
formation regarding the rates of diffusion of various gases through 
oxides would prove highly interesting. Until such data are avail 
able over a considerable temperature range it will not be possible to 
outline a complete theory regarding the process of oxidation. 

Further research in the equilibria of the systems Fe:FeO: 


H,:H.O and Fe:FeO:CO:CO, particularly above the melting point 
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of the oxide and above the temperatures attained in this investigation 


would aid considerably in establishing more definitely the heat of 


fusion of the oxide and the phase boundaries. 
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DISCUSSION 


Written Discussion: By Yap, Chu-Phay, physical metallurgist and 
chemist, 27 Grove St., New York City. 

This is an important piece of investigation, apparently well planned and 
executed, and I wish to congratulate the authors. I predict that this paper 
will be frequently referred to in the future by theoretical chemists interested in 
thermodynamics from the standpoint of free energy. In my own study in the 
free energy of formation of Fe;sC, I found as many sets of experimental data 
which do not agree with one another as those found by the authors. 

The method adopted by them is somewhat similar to the so-called “null” 
method used by Johansson and von Seth’ in their study of carburization and 
decarburization of steel at high temperatures. Because carburization and de- 
carburization can be followed with a microscope and by weighing, Johansson 
and von Seth were able to approach the equilibrium CO/CO:, ratio from both 
sides. This method, I am sure, is not feasible in the case of the problems studied 
by Messrs. Murphy, Wood and Jominy. Because the closest composition inter- 
val of the gases within which the equilibrium point may be defined, was set at 
1 per cent, it is unfortunate that they have been unable to give quantitative 
figures regarding loss in weight in order to enable us to approximate more 
closely the real equilibrium compositions to within +0.2 per cent H, or CO. 
| also wish they had not used a portable potentiometer (manufactured, I pre- 
sume, by a well-known American firm) because my own experience with this 
type of potentiometer indicates it is not extremely accurate. Fortunately the 
gas equilibrium constant K of H:O/H2 and CO./CO is sufficiently small im 
the temperature range involved so that no material error will be introduced by 
a small error in the temperature reading. 

In order to avoid confusion, it is customary to make all calculations oi 
free energy values (AF) with reference to the standard state, in which the 
activity is considered unity. For convenience, we shall arbitrarily choose a 





\Journal, Iron and Steel Institute, Vol. 114, p. 295, 1926. I have been able on the 
basis of their data to evolve a graphical method of obtaining equilibrium constants of very 
high accuracy, in the temperature range in which the percentage CQOz is only 0.05. Consult 
my discussion of a paper by Schwartz on “Some New Aspects of the Iron-Carbon Diagram” 
heing presented at this meeting. 
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single crystal of pure ake as the standard state up to 900 degrees Cent. 






and again from 1400 degrees Cent. (A,) up to the melting point; we 





likewise choose a single crystal of pure yFe as the standard state from 









to 1400 degrees Cent. Without any sensible error, we shall also 

sider polycrystalline «Fe and yFe to have the same activity as the single « 
tals. Although Fe and FeO are mutually soluble in each other to a very s| 
extent, it is sufficient for the present purpose (considering the quility of 
data we possess) to assign to solid FeO and to the iron in equilibrium wit! 
the FeO, unit activity and to treat them as the standard states. Hence. 


are justified in setting up the following equations: 






FeO + H, vyFe + H:0O; AF, (1) 














+ H. 40, H:O(¢2): AF, (2) 






Subtracting equation (1) from equation (2) we obtain 











yFe + 40. FeO: LF, \F 


In the case of CO/CO:, gas, we have similarly 






FeO + CO yFe + CO.; AF, (4) 








+ CO iO» CO:; \F; (5) 

















Subtracting equation (4) from equation (5), we obtain again 












yFe + 40; FeO; AF, \F; AF, (6) 












Kquations (3) and (6) are standard free energy equations above 900 degrees 
Cent. up to the melting point of FeO. Below 900 degrees Cent., we have the 


following free energy equation (of transition of a = Y) to consider: 









ake yFe:; A I; (7) 


\dding 













vyFe + 40 FeO; AF; (3) 

we obtain 
ake + 40 FeO; AFs AF; + AF; (8) 

Likewise 
Fs AF, + AF; (9) 





In the same manner, since most of the previous studies are at temperatures 
below 900 degrees Cent., instead of the reaction represented by equations (1) 
and (4) respectively, we really have, 












FeO + H: aFe + H:0; AFw (10) 





and 


FeO + CO aFe + CO.; AFu (11) 















so that when we add equation (7) to equation (10) and (11) respectively, 


we obtain equations (1) and (4) again. Reversing the process, if we subtract 
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, tion (7) from equations (1) and (4) we obtain equations (10) and (11) 
ent. ; 
ctively. In other words, except tor the fact that most of the previous 

» we ; | . : 

; stigations were made by the static methods, which are admittedly sus 
Irom oO) : ai ‘ eae : ‘ ; 
tible to false equilibria, the results so laboriously and. skilfully compiled 
alSo ; 


: Messrs. Murphy, Wood and Jominy would have been quite unnecessary 1t 
hngie S 


3 had previously obtained free energy equation (7) l hope to publish a 
very sii § ; 
t : . er in the very near future embodying the results of my study on the free 
Ity oO} the o ~ . 
a x energy equation (/). 
rium wit! a 


In studying Fig. 8, I noted the K values at 600, 700 arid 800 degrees Cent. 
ence ve . : ran 
aoe Emmett and Schultz were incorrectly plotted with respect to 1/T and so I 


have carefully redrawn Fig. 8, assuming that the value of K obtained pre 





















(1) sumably from Fig. 6 has been correctly calculated. It is quite difficult to 
ipproximate the slope of C-D as the last two sets of values are so close to 
(2 — 
eether: hence, the derived value of the heat fusion, aside from the fact that 
is too high, is at best only a pleasant arithmetical exercise. Moreover, from 
the constitutional diagram of the System Fe-O., FeO (Wustite) upon melting 
(3) 4g undergoes a reaction of a peritectic nature, so that the heat of reaction cal 
; culated by Messrs. Murphy, Wood and Jominy may be the sum of the heat ot 
F fusion of FeO plus the heat of reaction with the melt. Finally in calculating 
. in the heat of reaction according to the slope of C-D (that is, heat of reaction 
4) 7 involving liquid FeO), they have assumed the activity of FeO in the melt to 
5) be unity, which is very improbable, although it is a close enough approximation 
to assign unit activity to solid FeO as I have done in setting up the free energy 
equations. 
o 
0) 
0 degrees ¥ 
a 5 E fo0) ow 
have the ; Jord “a=! fe 
? 8 
x & 
sin ~ wt j 
/) DQ, =~ 
8 | 
3) 
Ss ) 
. 4 : 4 oe EE 4 
9) 9 0 6 
4 10 000/7 
Fig. 1 
eratures 7 In drawing B-C, I have taken into consideration the relative positions of 
jons (1) the 900 and 1000 degrees Cent. values obtained by Emmett and Schultz. We 
P shall discuss later the fairly large deviation of A-B from the line B-C ex- 
)) ; trapolated to lower temperatures. The value of AH calculated from the slope 
Sometime ago in discussing with a prominent metallurgist the scope of my studies, | 
) ; mentioned the fact that | was making a study of equation (7) | was quite amazed when 
remarked, “‘What practical use do your studies have?’’ I could only answer at that 
time, “Of what practical use is the constitutional diagram?’’ Aside from the importance 
ctivel : f equation (7) shown above, I have also shown its importance in my discussion of a papet 
ectively, Dr. Yensen and Mr. Ziegler being presented at this meeting before the A. I. M. E. 


subtract (Tech. Pub. No. 427). 
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of the line B-C is about 3000 cal. Also note in Fig. 1 that the lowest val 
C in terms of 1/T is about 6.15, so that the melting point of FeO is located 
at 1353 degrees Cent. The value of 1358-1360 degrees Cent. obtained in their 


Fig. 6 is accidental, as the intersection of a curve and a straight line cannot he 










located with great accuracy. However, considering the probable accuracy oj 
their portable potentiometer, the value of 1353 degrees Cent. should be con 
sidered in fair agreement of the theoretical melting point of 1370 degrees Cent 

The equation of the curve B-C in Fig. 1 is log K 644/T + 0.320. 
Since we know that AF RT In K, we directly obtained free energ, 
equation (1) as AF, 2763 1.48 T. Lewis and Randall* give AF 

57,500 + 0.94 T In T + 1.65-10°T? -3.7-107% T*® + 3.93T. Subtracting 
equation (1) from equation (2) we obtain AF; 60,263 + 0.94 T In T 4 
1.65-10° T 3.7-10° T° + 5.41T. 

Likewise upon redrawing Fig. 9 on a larger scale and drawing B-C jy 
such a manner as to make Schenck’s values below 900 degrees Cent. lie below 
it, I obtain AF, 5329 + 5.96T. According to Lewis and Randall, AF 
—67,510 + 2.75 T In T -2.8-:10° T°? + 3.1-10% T* + 4.46T, so that subtracting 
free energy equation (4) from (5) gives AF, 62,181 + 2.75 T In T 
28-10° TY + 31-* T 1.50T. Fundamentally, these equations really hold 
only at high temperatures as we have considered the heat of reaction over a 















short range to be constant, but since it is customary to calculate values of 
\ Fs, I have also done so, as shown below. 








AF; AF, 
\uthority Ze <. 1000°C. ae t. 1000°( 
Yap —56,919 —42,913 —58,208 43,016 
Ralston‘ 57,472 —42,083 
Eastman —43,255 






The values of AF; and AF, at 1000 degrees Cent. that I have obtained 
check each other very closely and also check that of Eastman better than the 
value given by Ralston. My values of AF; and AF, at room temperature do 
not check each other; neither do they check Ralston’s value. Since Ralston’s 
value at 1000 degrees Cent. appears to be incorrect, his value at 25 degrees Cent. 
should likewise be unreliable. Of my two values I am 







inclined to consider 
the AF; value to be more likely the correct one because equation (2) is known 
to have been more accurately studied than equation (5). Moreover, if Schenck’s 
values are trustworthy, then the values obtained by Messrs. Murphy, Wood 
and Jominy are in error, because the locus of the Schenck values below 900 
degrees Cent. does not lie low enough relative to B-C as would be expected from 
Fig. 1. I am inclined, however, to give more weight to the results obtained by 


Messrs. Murphy, Wood and Jominy. Finally, it might be pointed out that the 
values of AF 












at 25 degrees Cent. is practically without meaning on account ol 







‘Thermodynamics and the Free Energy of Chemical Substances. New York, 1923 
MeGraw-Hill Book Co. 






‘Bureau of Mines 


Bulletin No. 296, 1929, p. 111-2 








“Journal, American Chemical Society, Vol. 44, 1922, p. 975. 
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mg extrapolation involved and oi the non-existence of the Y form at that 
temperature. Of course, once we obtain the free energy equation for the transi- 
of iron: @ = ¥ the extrapolated value may then be converted to AFs. 

| hope that in contributing this hastily-written discussion, I have brought 
up some points of interest not only to Messrs. Murphy, Wood and Jominy, but 
also to others engaged in similar and related studies. For example, free energy 
equations (3) and (6) should enable us to predict the degree of carburization 
and decarburization of steel by carbon oxides in the presence of O, or FeO. 
rhe time has come, if I may be pardoned for reiterating, when it is imperative 
for a metallurgist engaged either in practical work or in theoretical research 
to study thermodynamics. The increasing number of papers of this kind con 
stitutes ample evidence that the metallurgical industry is cognizant of the use- 
fulness of thermodynamic studies, that have been so largely neglected in the past. 

Written Discussion: By John Chipman, department of engineering re 
search, University of Michigan, Ann Arbor, Mich. 

The authors are to be particularly commended for their determinations of 
the equilibrium conditions in the scaling of pure iron in gaseous mixtures. To 
the physical chemist interested in the thermodynamics of high temperature re- 
actions, these data present a new and independent confirmation of the directly 
observed values for the equilibrium constant in the “water-gas reaction.” To 
the metallurgist they provide the fundamental basis for the control of scaling 
at high temperatures, while to those interested in the physical chemistry of steel- 
making, they furnish the first adequate basis for the extrapolation of the free 
energy of ferrous oxide to steel-making temperatures. 

The heat of fusion of ferrous oxide, which appears as a by-product of this 
investigation, is a constant of fundamental importance in the study of the 
chemical reactions of this substance in liquid slags. At first glance, the uncer- 
tainty of + 5000 calories in the value of 28,000 calories reported for this con- 
stant might seem unduly large. It should be recalled, however, that this is the 
first experimental determination of this constant which is even approximately 
valid. Previous estimates used by investigators of steel-making reactions have 
ranged from 3600 to 55,000 calories. 

Written Discussion: By O. W. McMullan, metallurgical department 
limken-Detroit Axle Co., Detroit. 

The writer would like to ask if any checks were made on the samples for 
decarburization. There seems to be a difference of opinion as to whether or 
not an atmosphere which produces scale is better to prevent decarburization at 
ordinary hardening temperatures up to forging temperatures. Claims are made 
that the oxide scale acts as a protective layer at the hardening heats and _ that 
the oxidizing atmosphere removes the iron faster than it does the carbon at 
lorging temperatures. 

Written Discussion: By H. H. Ashdown, research laboratories, West- 
inghouse Electric and Manufacturing Co., East Pittsburgh, Pa. 

The loss of steel due to oxidation in hot working does not in the past 
appear to have received the attention from the steel manufacturers or furnace 
builders that might well have been expected. Electrically heated furnaces of 


] 


large capacity are now in operation for obtaining and maintaining for long 
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periods temperatures of well over 1000 degrees Cent. for normalizing larg 
masses of steel and the time should not be far distant when they will be avail 
able for forging temperatures. In these furnaces a neutral or reducing atmos- 
phere can be maintained and it is along these lines we may hope to achieve a 
solution to this problem. The loss due to oxidation runs into many thousands 
of tons per annum and its value to millions of dollars, the loss in the mills du 
to this cause is about 4 per cent, at the forges, for solid work about 6 per cent 
and hollow forgings as high as 10 per cent. This surely at this time, must 
represent the difference between profit and loss and from this angle alone this 
paper should be appreciated. 


Adjustments in existing plant methods for controlling the furnace atmos- 


phere are deserving of attention if a saving of only 25 per cent of this loss can 


be effected. 

This paper contains much material deserving of careful thought and the 
experiments well worth developing on a practical scale. The temperature of 
mill ingots often is unnecessarily well above the fusion point of the scale and 
they lose any advantage that a light fusion of the scale offers in resisting more 
rapid oxidation, further this fluid oxide is rapidly destructive to the refractories 
and the fabricated steel is by no means in the best condition. 
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Where ingots or billets for either rolling or forging require a long soaking 





d to well soften the center, it would, from the results made known in this 





er, appear to be to advantage once a safe temperature has been attained 





throughout the mass, to raise the furnace temperature for a short period to 





the fusion point of the scale and form a protective sheath and then lower to 





rmal soaking heat. 





In forge work a dry scale is desired so that the immediate effect of dis- 





tortion under the forge tools is to crack up the scale which falls away leaving 





a clean material for working. This is essential as it allows the forgeman to 





work nearer to the machine size of the job and also prevents the destructive 





nature of embedded scale on the cutting tools. One point of interest brought 





out in this paper is the marked reduction in the rate of oxidation of the steels 





in the higher carbon range. Although the authors’ theory for this is not ques- 





tioned, is this slowing down of oxidation not also accounted for by the rapidly 





formed and heavily decarburized surface of the high carbon steels? The carbon 





content of a deep skin on a forging made from a 1.0 per cent carbon steel 





would rarely contain 0.20 per cent carbon. 





The difference in color sometimes to be observed between the inside and 





outside surfaces of any forging scale and also the scale between low and 





medium carbon steels may be explained by the authors’ hypothesis. 





That a marked difference does exist is shown in the accompanying photo- 





eraph where the ferrite boundaries of the large crystalline structure of the 





strongly heated billet are outlined in the heavy scale by a much lighter color. 





This pentagonal outlining corresponds also with the pentagonal honeycomb 





formation sometimes to be observed in the cavity of large ingots immediately 





under the sinkhead. 





Authors’ Closure 





The authors desire to express their appreciation to Dr. J. Chipman, H. H. 





\shdown, and Yap, Chu-Phay for their remarks in connection with this paper. 





Concerning O. W. McMullen’s inquiry regarding decarburization at forg- 













ing temperature, the authors would like to state that no observations on de- 
carburization were made in this study. 

Mr. Ashdown has brought out an interesting point in regard to the 
economic loss entailed by scaling. The advisability of raising the temperature 
of the soaking furnace above the melting point of the oxide for a short period 
of time might be open to some question since the scaling becomes very rapid 
with temperatures sufficiently high to produce liquid oxides. 

In advancing the idea that carbon may retard the scaling reaction by main- 
taining atmospheres rich in carbon monoxide within the scale, the authors 
would like to point out that the carbon monoxide may be derived both from 
the steel which has been scaled and from that which has been decarburized. 

It will be noted from Table III that the scale formed on the high-carbon 
steels is of different composition than that formed on the low-carbon. steels. 
(hat formed on the low-carbon steels approximates Fe;O, and contains prac- 
tically no FeO, whereas that formed on the highest carbon stee! contains a high 
percentage of FeO. In view of this difference in composition, it does not seem 
reasonable to explain the lower scaling rate of the highest carbon steel as re- 
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sulting from the resistance to oxidation of the decarburized low-carbon su 

The authors wish to thank Mr. Yap, Chu-Phay for calling attention to { 
incorrect plot of Emmett and Schultz’ data but wish to point out the fac 
the curve representing their data is correct, since only the actual points 
shifted in tracing. These data are correctly plotted in the Journal of Ind: 
and Engineering Chemistry, Volume 23, page 384, 1931. In reply to his 
tion concerning the use of a portable pontentiometer, the authors wish to 
out that the accuracy of the portable instrument is well within the accurac 
of the thermocouples of = 5 degrees Cent. in this range. The portable pote: 
tiometer was selected for this work partly for convenience and was further 
more checked against a Type K potentiometer. 

The authors have no knowledge of previous data which would lead to 
more accurate value of the heat of fusion of FeO and it seems that the stat. 
ment that the heat of fusion as determined in this study is too high is un- 
justifiable. The possible existence of a peritectic reaction between oxic 
melts and iron is, of course, recognized but until the existence of that reactioy 
has been demonstrated more conclusively the authors feel justified in making 
the simplest assumption, namely that FeO possesses a true melting point 
Consequently it is felt that the assumption of unit activity for liquid FeO mak 
ing possible the calculation of the heat of fusion in the absence of other data 
is justifiable; indeed it seems quite as logical as Mr. Yap’s assumption of 
unit activity for iron in the presence of oxygen which latter we know will dis- 
solve in iron and alter slightly the activity value. 

Finally, the authors do not believe that the entire deviation cited by Mr 
Yap in his Fig. 1 is due to the reaction aFe yFe. The curvature of the 
line representing equilibria between Fe:FeOQ:H:.:H.O arises almost entirely 
from the changes in the quantity 4Cp of the reaction. Furthermore, any at- 
tempt to explain such deviations by the reaction of aFe yFe omits considera- 
tion of the complementary system Fe:FeO:CO:CO:s. The determinations oi 
Emmett and Schultz and of Schenck have furnished an excellent check on the 
direct determination of the water gas equilibria. It seems more than likely 
that whatever influence the reaction aFe yFe might have upon the equilibria 
might be entirely masked by the other factors and could consequently lead to 
an erroneous conclusion regarding the magnitude and sign of that influence. 
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CEMENTED TANTALUM CARBIDE TOOLS 


By FLoyp C. KELLEY 


Alhstract 


This paper compares the physical and chemical prop- 
erties of tungsten and tantalum and their respective car- 
bides. The methods of preparation of tantalum carbide 
and cemented tantalum carbide are described and the phys- 
ical properties obtained by using various binders are dis- 
cussed. Comparative tool tests of cemented tungsten car- 
bide and cemented tantalum carbide are given. 


HE use of cemented tungsten carbide as a tool material in our 
‘Tee industries is quite general today. The early work in this 
field was done by Messrs. Karl Schroeter and Henrich Baumhauer of 
the Osram Lamp Co., Berlin. Considerable work has also been done 
during recent years at the research laboratory of the General Electric 
Company on this most interesting development of cemented metal 
carbides. The research on cemented tantalum carbide by the Gen- 
eneral Electric Company is a development of the work by that com- 
pany on cemented tungsten carbide. This research has produced 
some specific results. 

Tantalum is found in the fifth group of the periodic table of 
elements associated with vanadium and columbium. The hardness of 
the carbides of this group, VC, CbC and TaC is given in the liter- 
ature as 9+ on Mohs scale. They crystallize with the face-centered 
cubic lattice. Tantalum has a density of 16.67 while columbium, 
which is usually found associated with it in the ore and can be sep- 
arated from it only with difficulty, has a density of about 8.33. The 
densities of their respective carbides are about 14 and 8.2. 

The percentages of carbon in TaC and CbC are 6.2 and 11.4 
respectively. The carbides of these elements melt at 3800 degrees 
Cent. (6870 degrees Fahr.) +-. 
raises its melting point from 2850 to 3800 degrees Cent. + (5160- 


The addition of carbon to tantalum 


6870 degrees Fahr.) while the addition of carbon to tungsten lowers 


A paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1931. The author, Floyd C. Kelley, is a member 
of the society. He is associated with the research laboratories of the General 
Electric Co., Schenectady, N. Y. Manuscript received June 19, 1931. 
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its melting point from about 3370 to 2900 degrees Cent. (6100-525 
degrees Fahr.) in the case of WC. 

Tantalum is very active toward hydrogen, nitrogen, and oxygen 
at low temperatures, while tungsten is not affected by either hy 
gen or nitrogen and does not react so readily with oxygen in th: 
wrought condition as tantalum. Tantalum oxide cannot be easily re 
duced in hydrogen, while this is the regular process used in obtaining 
tungsten metal. Bar stock of tantalum can be cold-rolled into thin 
sheets, but tungsten must be worked while quite hot. Tantalun 
properly annealed has about the same hardness as annealed copper, 
while annealed tungsten has a Brinell hardness of about 225. These 
elements are closely related in the periodic table having nearly the 
same atomic weights; the atomic weight of tantalum being 181.5 and 
that of tungsten 184. Their respective densities are 16.67 and 19.3 
Despite these differences, the carbide of tantalum (TaC) has, how- 
ever, been successfully made from both the metal and its oxide in 
substantially the same way as tungsten carbide used in the manufac- 
ture of cemented tungsten carbide. 


PREPARATION OF TANTALUM CARBIDE 


[f the carbide is made from the metal, it has been the practice 
to use material of a particle size not larger than one hundred mesh 
This is mixed with a sufficient amount of carbon to produce TaC, 
when fired in a hydrogen furnace at 1500 to 1600 degrees Cent 
(2730 to 2910 degrees Fahr.) for a period of five to eight hours. 
The time of firing depends not only on the size of the charge, but 
also on the particle size. The color of the sintered mass when broken 
teils its own story. The charge seems to carburize most rapidly at 
the outside, and gradually progresses toward the center. It has a 
typical golden lustre at the outside with a gradual shading off into 
the brown or brownish black at the center when incompletely car- 
burized. The charge when completely carburized exhibits a_per- 
fectly uniform crystalline lustre of a golden character. 

Hydrogen is undoubtedly responsible for the progressive car- 
burization of the charge from the outside toward the center. As the 
gas diffuses through the mass of powdered material it picks up car- 
bon, forming hydrocarbons which react much more rapidly with the 
metal than the carbon in the solid state. This accounts in part for 
the difference in time required to carburize charges of different size. 
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CEMENTED TANTALUM CARBIDE 


When tantalum oxide (Ta,O,) is used, enough carbon is mixed 
+h it to reduce the oxide and carburize the resulting metal to TaC. 
Here again, difficulty is sometimes experienced in securing complete 
carburization with a heating time of five to eight hours, and espe 
cially when large charges are used. In practice the aim is to pro- 
duce a material which does not vary more than one-tenth of one per 
cent of the theoretical amount required to form TaC. Good tools may 
he made, however, with carbides where the carbon varies consider- 
ably from this amount. 

When oxides from different sources are used, one runs into dif- 
ficulty due to the presence of columbium which is not easily removed. 
Columbium is of lower atomic weight than tantalum but combines 
with the same amount of carbon. If the columbium content of the 
oxide is not accurately known and the carbon added is based on the 
assumption that the oxide is Ta,O,, the resulting material will not 
be completely carburized. 

We have been fortunate in having the cooperation of Dr. G. R. 
Fonda of our laboratory who has given us comparatively quick and 
accurate X-ray spectrographic analyses’ of our tantalum oxide for 
columbium by the use of a cathode ray tube, and whenever there was 
any question about the complete carburization of the materials, due 
to the presence of columbium, he has been of great assistance. When 
considerable amounts of columbium are present, the color of the car- 


bide and its density serve as checks on the purity of the material. 
CEMENTED TANTALUM CARBIDE 


Various compositions have been used as binder materials. The 
metals used for these binders have been of the greatest purity obtain- 
able. Many have been made by the hydrogen reduction of the oxides. 

The procedure for making up the material out of which bars are 
pressed has been as follows: 

The tantalum carbide is milled after firing to break up the large 
crystals formed during the carburizing operation until it passes 
through a 325-mesh screen. The metals for the binders, which have 
been put through a 325-mesh screen, are mixed in the right pro- 
portion by ball milling, or some other suitable method. Then the 
proper proportions of carbide and binder are mixed together and 


Gordon R. Fonda and George G. Collins, Journal, American Chemical Society, Vol. 53, 
i, oe Bes, 
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milled tor about four or five hours and pressed into bars of ¢| 
desired shape and size. 

In all of the early research work, tantalum metal of the great- 
est purity obtainable was used to insure uniform and reliable results, 

In the early work 13 per cent of binder was generally used to 
secure as much strength as possible without too great a sacrifice in 
hardness. An early tool containing cobalt as a binder had a hardness 
of about 83 Rockwell A and a modulus of rupture of around 100,000 
pounds per square inch. The temperature of firing did not seem to 
change its hardness more than about two points. The tool was easy 
to grind but had a tendency to chip on the wheels used for grinding 
cemented tungsten carbide. When tested on cast iron, cold-rolled 
steel and shafting steel it cut them nicely, but the edge of the tool had 
a tendency to chip. Here it was noticed that the material had some 
remarkable qualities for even after the tool was dulled by chipping 
it showed wonderful resistance to wear. 

When iron was used as a binder we obtained a hardness of about 
84 Rockwell A and a modulus of rupture of about 120,000 pounds per 
square inch. This tool ground very easily and took a keen cutting 
edge. When tested on cast iron and steel it gave a nice finish and cut 
the steel instead of pushing it off. 

An early tool containing nickel as a binder had a hardness of 
about 82 Rockwell A and a modulus of rupture of 170,000 pounds 
per square inch. It took a very keen edge and was able to cut nickel 
steel for twenty minutes at a speed of seventy feet per minute with a 
feed of 0.025 inch and a depth of cut varying from % to 4% inch with- 
out showing wear. When deeper cuts and heavier feeds were used it 
had a tendency to mushroom and wear. 

The next step was an attempt to increase both the strength and 
hardness through the use of modified binders. Sample test bars 
made up with each binder to secure the modulus of rupture and 
hardness of the various compositions. The firing temperature was 
varied for each binder to insure maximum sintering, strength, and 
hardness. Duplicate tools were made from those compositions which 
showed the best combination of strength and hardness. The tool 
tips were mounted on 34 x 1% inch nickel steel shanks by copper 
brazing in a hydrogen furnace. These tools were ground the same 
as standard cemented tungsten carbide tools for comparison. 


In order to measure the quality of cemented tungsten carbide 
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Table |! 
Tool Cutting Tests 


Depth Cut Feed 


fool No. Inches Inches Speed Duration Remarks 
1 Ve 0.055 90 ft. Smin. Edge in excellent condition and still 
47 sec. very sharp 
1 14 0.055 100 tt. 10 min Edge still in excellent condition 


] duplicate 


] ' ay 250 ft 10 min, Edge not worn Finish on log very 
good. 

l et 180 ft. 20 min. Edge not worn Very satisfactory 
finish on log 

2 8 0.050 70 ft. 10 min. Edge not worn 

3 +8 0.050 70 ft. 10 min. Edge slightly worn 

4 ve 0.050 70 ft. 10 min. Edge showed no wear, but chipped 


and cracked back of cutting edge. 


4 h, au 140 ft. 3 min. Edge and cut excellent. 

} J ax 180 ft. 7min. Edge and cut excellent. 

4 lI“ 3h 200 ft. 10min. Edge and cut excellent. 

} ly ax 250 ft. 10 min. Edge and cut excellent. 

4 ly ox 300 ft. 10 min. Edge showed slight wear. Finish 
on log better at 180 ft. 

5 ve 0.050 70 ft. 10 min. Edge good but slightly mushroomed. 

6 vg 0.050 70 ft. 10 min. Edge in as good condition as No. 4, 


but not cracked. 


7 3 0.050 70 ft. 10 min. Edge in good condition, but end 
slightly mushroomed. 


tools, a standard test has been adopted which consists of a 10-minute 
run on a 3% per cent nickel steel log having a hardness of about 195 
Brinell at a speed of 70 feet per minute with a 3¢-inch depth of cut 
and a feed of 0.055 inch. Some of the results of tests on the above 
tools under these conditions are given in Table I. 

The modulus of rupture and hardness of the early tools were 
considerably lower than the modulus of rupture and hardness of 
cemented tungsten carbide tools, and showed conclusively that the 
properties of a good tool do not depend entirely upon its strength and 
hardness. These tools, in general, could be ground more easily than 
cemented tungsten carbide. They could be ground on ordinary grind- 
ing wheels and much keener cutting edges obtained. 

When cutting nickel steel they maintained their sharp cutting 
edges under severe working conditions for relatively long periods of 
time. There were no signs of wear just back of the cutting edge 
where the chip curls up on the top of the tool as is sometimes the 
case with the cemented tungsten carbide tools. The finish on the log 
was smooth, but not burnished, showing that the edge of the tool 
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was cutting and not pushing or tearing the metal off. The chip came 


off cool compared with one removed by a cemented tungsten carbide 








tool. It required a few seconds to color up to the same blue exhibit 








by a chip as it left the cemented tungsten carbide tool. The diff 





ence in cutting efficiency was evidenced by the fact that, when tl 


Lic 





ct 


limit of speed which could be obtained in removing a certain size 





chip was reached with the cemented tungsten carbide tool, it was 





possible to remove a chip of the same size at a much higher speed 
with the cemented tantalum carbide tool. 








Tool No. 1 showed almost no bluing of the shank just under 
neath the copper brazed joint and, after removing a chip of 0.050 x 
¥¢ inch for ten minutes, could be held in the hand at the cutting end 











\ cemented tungsten carbide tool removing the same chip would be 





discolored about one-half way down the tool under the joint and 





would be about as hot at the cooler end as the tantalum carbide too! 
was at the cutting end. 








Tool No. 6, showed a discoloration beneath the joint, but equal to 





about one-half the distance discolored on the cemented tungsten car 





bide tool. Later it was observed that the amount of discoloration 
obtained varied with the binders also. 











Cemented tantalum carbide has a lower coefficient of friction than 





cemented tungsten carbide, which shows up in the amount of power 





required to remove a chip of a definite size, and also in the amount 





of heat generated in the tool. The material after firing has a feeling 
much like that of soap stone. 





This low coefficient of friction result- 





ing in lower temperature of operation of the tool undoubtedly ac- 
counts for the difference in the wear just back of the cutting edge 
where the chip curls up. 








It also accounts for the preservation of 








the sharp cutting edge, for there is seldom any seizure between the 





material being turned and the tool tip, as is sometimes the case in 





cemented tungsten carbide when used to cut steel. Under severe cut- 


ting conditions it often approaches seizure although the steel which 








sticks to the cutting edge can be removed without injury to the tool. 





Comparative tests of cemented tungsten carbide and cemented 
tantalum carbide on 3% per cent nickel steel with 0.35—0.40 per cent 
carbon and a Brinell hardness of 219, using a ;°,-inch cut, 0.025-inch 











feed and a speed of 180 feet per minute showed that the average life 
of the cemented tungsten carbide tools containing 13 per cent cobalt 








as a binder was 15.4 minutes and of those containing 6 per cent cobalt 
was 26.2 minutes. 
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Table Il 
Physical Characteristics of Cemented Tantalum Carbide 


1 A No | 
OO 6 glare ek eee be Oe OE Oe COS a OS Ok ORE RS l 6 l ( 
Se ee eee re ee 84 9 
lus of Rupture in ia ee new 4 192,000 120.000 
uctivity in megamhos ........eeceeeceees 0.035 0.016 
mperature Coefficient in 
ms per ohm per degree Cent 
Degrees Cent 
25 ME (ise Sola Behe eck Goal eave OS e t-O.00119 L() 00238 
DL. “é. c-cic & disih<'o oe cwmke Vilees Sa eure ha t+ O.00153 t0.00249 
Pee cae eee meet ied hiabos 2s L0.00162 t0.00261 
: Pe ewes waa ealeenns +-0.00178 +. 0.00284 
3 rae ee ns a ; +-0.00171 t- 0.00247 
Heat conductivity compared 
with Norway lron 
Oe a NR ON a ea ew gle ele 0.68 of Norway iron at 20 35 degrees 


Cent 


0.40 of Norway iron at 


iO... $9 deerece Get. .cck cw ccceseenens 
14-70 degrees Cent 


lostic MGGRIIG. .<..0 2a sive 58.000.000 


The cemented tantalum carbide tools tested under the same con 
ditions ran up to forty minutes without any sign of break-down and 
looked as if they were capable of turning up the entire log. It was 
necessary in most cases in order to save time and material, to run the 
tools for twenty-five minutes, a period about equal to that of the 
longest average life obtained on cemented tungsten carbide tools, and 
then draw conclusions as to their performance. 

It must be remembered that these comparisons have been made 
on nickel steel and no claim has been made that cemented tantalum 
carbide is superior to cemented tungsten carbide as a tool for gen- 
eral use. Many cemented tantalum carbide tools have been tested 
on steel under shop conditions at relatively high speeds and the most 
striking observations are the fine finish, uniform size of the ma- 
terial turned over long sections, the ease with which the material 1s 


removed, and the long life of the tool due to the reasons stated. 


PrysICAL CHARACTERISTICS OF CEMENTED TANTALUM CARBIDE 


The physical characteristics of cemented tantalum carbide can 
be varied greatly by changing the composition of the binder, as is 
shown by data in Table II. Sample No. 1 contains 87 per cent TaC 


with 13 per cent of the binder (25 WC, 75 Co) and sample No. 2 
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Fig. 1—Cemented 87 Per Cent Tantalum Carbide with 13 
Per Cent of the Binder (25 WC, 75 Co). X 1500. 

Fig. 2—-Cemented 87 Per Cent Tantalum Carbide with 13 
Per Cent of the Binder (37 Mo, 63 Fe). > 1500. 


contains 87 per cent TaC with 13 per cent of the binder (37 Mo, 63 
Fe). The sintering temperature of both is 1400 degrees Cent. (2550 


degrees Fahr.) for one and one half hours. 
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Representative photomicrographs of Samples 1 and 2 are shown 
Figs. 1 and 2 respectively. Fig. 1 shows a structure very similar 


cemented tungsten carbide. Grain growth occurs during the firing 





, 
E Fig. 3—Cemented Tungsten Carbide with 13 Per Cent of Cobalt as 
the Binder. C2 
Fig. 4-—Cemented Tungsten Carbide with 13 Per cent of Cobalt as 
the Binder. x 2.5. s ; 
Fig. 5—Cemented Tungsten Carbide with 6 Per Cent of Cobalt as 
the Binder. 2.5 
operation and many of the grains formed are well defined, being 
», 63 s nearly square or rectangular in cross-section. Fig. 2 shows very lit- 
2550 tle grain growth and the carbide particles have taken on a spherical 
5 5 


torm which may account for the lower modulus of rupture of this 
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material. The shapes of these particles show that the cement 
material has attacked each particle leaving it in a spherical fort 

The wear resisting quality of cemented tantalum carbide ¢ 


pared with cemented tungsten carbide containing 13 per cent of co 


Fig. 6—Cemented Tungsten Carbide with 6 Per Cent of Cobalt as the 
eo 


Binder ef 2S. 
Fig. 7—Cemented Tantalum Carbide with 13 Per Cent of (25 Tungsten 


Carbide, 75 Cobalt) Binder. ie 2S. 
Fig. 8—Cemented Tantalum Carbide with 13 Per Cent of (25 Tungsten 


Carbide, 75 Cobalt) Binder. tea 


and 6 per cent of cobalt is illustrated in Figs. 3 to 8. They show the 
results of tests on duplicate tools made on 3.5 per cent nickel stee! 


with Rockwell hardness of 195 Brinell at a speed of 200 feet per 
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menting ao ; ae 
fies ute with a ;*; inch depth of cut and a feed of 0.020 inch. The 

() ” : 

ration of these tests was ten minutes in each case. 
de con oa 

Figs. 3 and 4 are photographs of two different cemented tung- 
MT CODaIlt : 


sten carbide tools containing 13 per cent of cobalt binder. Fig. 3 
shows the slightly mushroomed nose which is worn and the crater 
developed on the top of tip due to the friction and seizure of the 

J chip where it curled up on the tool tip. Fig. + shows the wear on the 
front cutting edges and noses of the tool. 

Figs. 5 and 6 are photographs of two cemented tungsten carbide 
tools containing 6 per cent of cobalt. The craters on the top of these 
tools are much more distinct due to the fact that these tools did not 

E mushroom, and there is much less wear on the front cutting edges 
» and the tips of these tools. 

Figs. 7 and 8 are photographs of tools made from material whose 
microstructure 1s revealed in Fig. 1. Fig. 7 shows a polished area 
on the top of the tip where the chip curled up but there is no crater. 

: lig. 8 shows the keen cutting edge and the sharp outline of the un- 
* worn cemented tantalum carbide tools. 

The final composition for such a tool material will be deter- 
mined ultimately by long use and experience under manufacturing 
conditions, and by new developments and progress in the art of fab- 
ricating the cemented tantalum carbide. 


DISCUSSION 


Written Discussion: By Clarence W. Balke of the Research Laboratories 
{ the Fansteel Products Co., Inc., Chicago. 

: We have read the paper of Floyd C. Kelley on cemented tantalum carbide 

. with much interest since a great amount of research work on tantalum carbide 


tools has been done in the laboratory of the Fansteel Products Co. and this has 





: been an expansion of the tantalum industry pioneered in this country by that 

company. During our investigation we prepared several hundred distinct lots 

of material containing tantalum carbide, and we studied these individual lots as 
~ to hardness, strength, and other physical properties, as well as the performance 
nen ot the material when used as a cutting tool. Much of our early work is con- 
sten hirmed by the results reported by the author in reference to hardness, strength, 
and performance of tantalum carbide tools. We have devoted a large amount 

| time to perfecting a technique for the manufacture and handling of tantalum 

- show the and its fabrication into cutting tool material. While it is hardly within the 
ickel steel scope of this discussion to attempt to enter into an account of the vast array 
Y feet per ot detail which has been involved in this investigation, I feel that the cutting 


tests reported in the paper do not adequately convey the possibilities of tantalum 


Cal bide tools. 
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While a tool having a Rockwell A hardness as low as 84 will function 
satisfactory manner when turning relatively soft materials, it will fail almost 
immediately when turning hard materials such as chilled cast steel, or 
12 to 14 per cent manganese steel. The following tests have been obtained 
recently with a tool having a Rockwell A hardness ot somewhat more than 90. 
and a modulus of rupture as high as 214,000 pounds, and notwithstanding this 
high hardness the tool could be ground to a very keen edge with no tendency 
of chipping: 

This tool turned the entire length of a cast steel roll practically file hard. 
8 inches in diameter and 27 inches in length, using % inches depth of cut, 0.03] 
feed, and a speed of 34 feet. The tool showed only a slight top wear at the 
conclusion of the test and was considered in good condition. 

This tool turned the entire length of a 12 to 14 per cent manganese steel 
roll, 43 inches long, with a feed of 0.010 and a speed of 100 feet. The cutting 
time of this test was about one hour, and during much of this period the tool 
was cutting through blowholes and sand pockets which are often characteristic 
of this kind of steel, yet at the end of this time the tool was found to be in 
good condition, showing but slight wear on the cutting edge. 

This tool was used to make the roughing cut on a cast iron test log 8 
inches in diameter and 4 feet long and provided with four keyways 1 inch wide 
the entire length of the log. The feed was 0.017, the depth of cut 1-16 to 
inch and the speed 200 feet per minute. After taking a cut the entire length 
of the log, the tool was still in good cutting condition and showed only slight 
deterioration of the cutting edge. 

While the work so far done on hard carbide alloys probably represents but 
a beginning of the great amount of research which will be required to make tools 
of this type perform at their greatest capacity, there is no question that this 
work indicates that tantalum carbide will retain a permanent place in this art. 


Oral Discussion 
















Dr. S. L. Hoytr:* Mr. Kelley has presented an interesting discussion of a 
recent development in the art of powder metallurgy of cemented products, 
particularly the cemented carbide products, and I am sure it is typical of what 
we may expect from that branch of metallurgy in the future. The principal 
reason for this, I believe, is that this particular field of metallurgy enables one 
to prepare, synthetically, structures of these hard compounds which it would be 
extremely difficult to prepare by the usual methods used in the older type of 
metallurgy. In other words, the structure of the product is under control. The 
utility of tantalum carbide, I believe, is brought out by Mr. Kelley’s paper and 
has been attested to by Dr. Balke. It is almost peculiarly adapted to the 
machining of steel, and the reason for this is the fact that the hot steel chip 
in passing over the cutting edge does not adhere to the cutting edge of the tool. 
That is reflected in the soapy feeling of the tantalum carbide tool that Mr 
Kelley mentioned. That circumstance must give tantalum carbide a real ad- 


vantage in machining steel. In machining other metals, such as cast iron, or 





Research laboratories, A. O. Smith Corporation, Milwaukee. 
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veneral the abrasives, possibly we should expect somewhat different results, 
nd personally I would expect different results largely from the Rockwell 
hardness number that Mr. Kelley reports. Dr. Balke did not discuss this effect 

his tool, but I expect with a Rockwell A hardness of 90 or above that 
cemented tantalum carbide would show a better performance on cast iron for 
instance than a tool which had a Rockwell hardness of only 84, the principal 
item here being simply of abrasion or wear. I say that | would expect that to 
happen—I think we know altogether too little about this field to be able to 
predict such a thing as this with any degree of confidence 

Mr. Kelley has mentioned the preparation of tantalum carbide, and, inas- 
much as the author states it is very active towards hydrogen, nitrogen, and 
oxygen at low temperatures, I believe he has touched upon an extremely in- 
teresting phase of the use of tantalum carbide. I would gather from the paper 
that tantalum carbide would be made similarly to tungsten carbide, and that, 
of course, would be true if one starts from tantalum metal powder, but if one 
were to start from tantalum oxide, then I would expect the fact that tantalum 
metal is active towards hydrogen, and furthermore that tantalum oxide cannot 
be easily reduced in hydrogen, to become an important factor in the manu- 
facture of the carbide, and possibly Mr. Kelley would expand a little on his 
own discussion of the manufacture of tantalum carbide by pointing out how it is 
that the tantalum oxide is to be used in the manufacture of the carbide due to 
its action toward hydrogen and its nonreducibility in hydrogen. 

Mr. Kelley suggests a mechanism for the carburization of tantalum to 
produce tantalum carbide which, it seems to me, is open to some question, namely 
that it is due to the diffusion of hydrogen through the charge from the outside 
and the gaseous carburization of tantalum by the action of hydrogen on the 
carbon present and the subsequent carburizing. I would be inclined to expect 
the low thermal conductivity of a power material as being mainly responsible 
for the coring effect which is noticed when the time of carburization is less 
than the 5 to 8 hours which Mr. Kelley mentions. 

The question of physical properties of these products is extremely interest- 
ing. With high speed steel, the properties are more or less fixed, that 1s, we 
have a certain hardness and a certain thermal conductivity, etc., and there is no 
way of varying these materially. Cemented tungsten carbide gives a new set of 
properties ; cemented tantalum carbide gives again a new set of properties; and 
| believe that in the future those who are interested in tool performance should 
get an extremely large amount of interesting information covering the factors 
which affect tool performance, if they will study high speed steel, cemented 
tungsten carbide, and cemented tantalum carbide and other tool materials with 
particular reference to the physical properties, and such a study is certainly 
bound to assist in the work which is being done to develop new compositions 
and to apply old compositions to all purposes. 

In closing I would like to congratulate Mr. Kelley on the work that he 
has done here. I happened to know something about it while it was going on, 
and I believe he has shown a great amount of resourcefulness, not only in 
handling this more or less refractory product, tantalum carbide, but in develop- 
ing certain materials which improve the physical properties of this material. 
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Author’s Closure 


It is gratifying to know that the results revealed in this paper agree 
well with those obtained by members of the Fansteel Products Co. resear 
laboratories. No attempt has been made to reveal the extensiveness of 1 
investigation of this particular field by the General Electric research laboratories, 
for it has been immediately associated with the development of cemented 
tungsten carbide and the art of cementing hard carbides in general. It must 
also be remembered that this paper deals only with tantalum carbide plus a 
binder, and no attempt has been made to underestimate or predict future pos- 
sibilities for tools of other compositions. 

Experience to date indicates in general that where a tool must withstand 
both shock and extreme abrasion such as are encountered in the rough surface 
of cast iron that cemented tungsten carbide is superior to cemented tantalum 
carbide. It is well known to us that cemented tantalum carbide may be modified 
and a product obtained which will give the performance on cast steel, man- 
ganese steel and cast iron mentioned in Dr. Balke’s discussion. 

It might be pointed out that cemented tungsten carbide tools cut the tough, 
nonmagnetic, manganese steel without showing much wear on the cutting edge 
or developing a crater on the top of the tool such as has been described pre- 
viously. This applies to the tools with the 13 per cent cobalt binders operating 
under conditions almost identical to those described by Dr. Balke. The feed 
was 0.013 of an inch with a 4% inch cut at 100 feet per minute. The smooth 
work-hardened chip which comes from the log does not seem to seize and drag 
on the cemented tungsten carbide tip as does a chip from shafting steel or nickel 
steel. 

It is agreed that cemented tantalum carbide will retain a permanent place 
in the field of metal cutting, and at present the indications are that this place 
will be in cutting steel. 

I wish to thank Dr. Hoyt for his kind comments and the interest he has 
shown by discussing this paper. 

In regard to Dr. Hoyt’s remarks concerning the production of tantalum 
carbide from the oxide, I should say it is well known that metal oxides in 
general can be reduced by carbon, and the excess carbon above that required for 
reduction, in this case, serves to carburize the resulting metal, forming its 
carbide. The latter part of this reaction is the same as the one obtained when 
the metal plus carbon is used to form the carbide. 

Dr. Hoyt’s idea of the low heat conductivity of tantalum accounting for 
the nonunitorm carburization of the charge, I do not believe is allowable because 
of the long firing time (about eight hours) required to secure complete 
carburization. It is also noticed that this nonuniformity occurs even in small 


charges. The reaction reminds one of the reduction of iron oxide in hydrogen 
where the reaction occurs first at the outside and gradually proceeds toward the 
center. The heat conductivity may be a contributing factor, but certainly is 


not the major cause of nonuniform carburization. There may be some other 
factors which influence the reaction, such as sintering, the packing of the 
particles, etc., but I believe hydrogen is the controlling one. 
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THE RESISTANCE TO WEAR OF CARBON STEELS 


By SAMUEL J. ROSENBERG 


Abstract 


A study was made of the effect of heat treatment and 
carbon content upon the wear-resistance of carbon steels 
as determined by the Amsler machine (combined rolling 
and sliding friction under heavy pressures). Annealed 
steels gave poor wear-resisting qualities unaffected by car- 
bon content. Normalized steels showed less wear-resist- 
ance in the low-carbon range than the annealed steels, but 
in the high-carbon range approached the relatively high 
wear-resistance of the hardened steels. Hardened steels 
showed a very rapid increase nm wear-resistance with in 
creased carbon content, this increase becoming relatively 
small after about 0.6 per cent carbon. Tempering a hara- 
ened steel resulted in a gradual lowering of the wear-re- 
sistance. Microstructures of the steels adjacent to worn 
surfaces showed that this particular type of wear (com- 
bined rolling and sliding friction under heavy pressures) 
was generally accompanied by severe distortion of the 
structure. A martensitic-troostitic matrix was the most 
resistant to wear. Steels containing lamellar pearlite 
showed excellent wear-resistance, while steels containing 
granular pearlite had poor resistance to wear. The pres- 
ence of free ferrite, or of free cementite as spheroids, ts 
detrimental to the wear-resistance. 


HE resistance of carbon steels to abrasion by sand as determined 
i the Brinell machine has been reported in a previous paper.’ 
As a continuation of this work, this paper reports a study of the 
resistance of carbon steels to metal-to-metal wear against a hardened 
eutectoid carbon steel under combined sliding and rolling friction. 


‘Samuel J. Rosenberg, ‘‘The Resistance of Steel to Abrasion by Sand,” Bureau of 
Standards Journal of Research, Vol. 5 (R. P. 214), Sept. 1930; also Transactions, Ameri 
can Society for Steel Treating, Vol. 18, 1930, p. 1093. 


Published with the approval of the Director of the Bureau of Standards. 


A paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1931. The author, Samuel J. Rosenberg, is a 
member of the society. He is associate metallurgist with the U. S. Bureau of 
Standards, Department of Commerce, Washington, D. C. Manuscript received 
May 11, 1931. 
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Metuop or TEST 





The apparatus used in this investigation for the evaluation of 
wear-resistance was the Amsler machine. This machine has been 















described in detail in a previous paper.* 

The test specimens used were in the form of small cylinders, 2 
inthes in diameter and 0.4 inch thick. The specimens were all finish- 
ground to size. The finished surfaces were produced by wet grind- 
ing with a medium hard No. 46 wheel. 

All steels were tested against an arbitrarily selected ‘‘standard” 
steel. This standard was an 0.81 per cent carbon steel normalized 
at 810 degrees Cent. (1490 degrees Fahr.), water-quenched from 
780 degrees Cent. (1435 degrees Fahr.), and tempered at 260 degrees 
Cent. (500 degrees Fahr.). The Rockwell “C” scale hardness result- 
ing from this treatment was just under 60. In all tests the “standard” 
specimen was mounted on the lower shaft of the machine, which was 
rotated at about 220 revolutions per minute. The test specimen was 
mounted on the upper shaft, its speed being about 200 revolutions 
per minute. In addition to the slip resulting from this difference in 
speed, the cam which is available on the Amsler machine for produc- 
ing lateral motion of the upper specimen was used. 

All tests were made in duplicate and a new “standard” specimen 
was used for each test specimen. Wear was measured by the losses 







in weight of both the specimens. 


IT. 







RESULTS OF THE TEST 


Film Formation 


The formation of surface films on specimens tested in the Ams- 









ler machine is a familiar phenomenon. In the case of the wear of 
steel against steel, this film appears to be an oxide of iron and to act 
as an abrasive. Fink*® has shown that the partial or complete removal 
of this film causes a decided decrease in the rate of wear. He tested 
carbon steels in the Amsler machine under atmospheric conditions and 
found that a considerable amount of wear took place. When the 















H. J. French, S. J. Rosenberg, W. LeC. Harbaugh. and H. C. Cross, “Wear and 
Mechanical Properties of Railroad Bearing Bronzes at Different Temperatures,’’ Bureau of 
Standards Journal of Research, Vol. 1, (R. P. 13), Sept. 1928. 











’M. Fink, ‘“‘Wear Oxidation, a New Component of Wear,’? Transactions, American 
Society for Steel Treating, Vol. 18, 1930, p, 204. 
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Fig. 1—-Appearance of Specimens Before and After Test. 
All specimens are 0.81 per cent carbon, water-quenched and tem 
pered at 260 degrees Cent. (500 degrees Fahr.). Test load was 


60 kilograms. 
a. Original ground surface. 
hb. Appearance of upper specimen (light film) 
c. Appearance of lower specimen (heavy film) 


same steels were inclosed in a gas-tight cell filled with nitrogen and 
tested under the same conditions of speed and pressure as before, no 
wear took place, the test surfaces being smooth and bright at the end 
of the test. These films are a natural result of the rolling and sliding 
abrasion of steel against steel under heavy pressures in the presence 
of air and the absence of lubrication. No attempt was made to re- 
move films during the tests reported in this paper. 

When two specimens of the same steel which have also been 
given the same heat treatment are tested in the Amsler machine, the 
upper specimen, which travels at the lower angular velocity, loses 
more weight than the lower specimen. The appearances of the films 
produced are quite different ; the lower specimen has a much heavier 
film. The films produced on steels of like composition and treatment 
are shown in Fig. 1. Since it is the lower specimen which forms the 
heavier film and the upper specimen which suffers the greater loss in 
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Fig. 2—-Typical Wear-revolutions and Wear-work Curves. The specimen tested was 


a ‘“‘standard”’ specimen. 





weight, the “standard”’ specimen was mounted on the lower shaft. 

A possible explanation for the difference in losses of weight of 
two specimens treated alike lies in the fact that the lower specimen 
forms the heavier film. This film, which acts as an abrasive on the 


upper specimen, exerts a certain protective influence on the lower one. 


Interpretation of Test Data 





The weight loss of the upper (test) specimen was plotted against 
the revolutions of the lower (standard) specimen to show the rela- 
tion of wear to slip. This may be conveniently expressed as weight 













lost per 10,000 revolutions, which was the ordinary duration of a test 
period. By plotting the weight loss against the work, as calculated 
from the integrating device on the Amsler machine, the wear per unit 
of work may be obtained. 

Under similar conditions of test, the evaluation of wear by either 
method generally gives quite similar results. Results more truly in- 
dicative of the materials are obtained, however, when the wear is 
correlated with the frictional work which caused it. For this reason, 
all comparisons of materials tested are based upon the wear per unit 


of work. Fig. 2 illustrates wear-revolutions and wear-work curves. 





Effect of Pressure Between the Test Specimens 


‘ 


A series of tests was made with two sets of “standard” speci- 


mens tested against each other to determine the effect of increasing 
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pressure between the specimens. The experimental data of this 


series of tests are shown in Fig. 2. The comparative results of 
these tests are shown in Figs. 3 and 4. 

The wear per unit of work of the upper specimen decreased as 
the pressure increased, this decrease becoming less with increasing 
pressure. The lower specimen, on the other hand, showed an in- 
creased amount of wear per unit of work as the pressure increased. 
This would seem to indicate that, were the pressure sufficiently great, 
the upper and lower specimens would both lose the same amount of 
weight. This, however, seems improbable because the curves show 
evidences of becoming asymptotic. Unfortunately, the frictional 
torque developed under a total load of 80 kilograms was so great 
that if a higher pressure had been used, the counterweights would 
not have been sufficiently heavy to balance the torque developed and 
no measure of the work could have been obtained. As would be ex- 
pected, the wear per unit of distance travelled increased with the 
pressure, both in the upper and lower specimens. 

For the tests described in this report, a total load of 60 kilograms 


was chosen as a standard load under which all tests were made. This 
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corresponds to a maximum pressure of 74,000 pounds per square ir 
as calculated from Hertz’ formulae.* 


Materials Tested 






The materials tested were all plain carbon steels, chosen so as to 


vive a range from low to high carbon content. Three series of tests 


were made, namely, of the steels as normalized, as normalized and an- 


Table I 
Compositions and Heat Treatments of the Steels Tested 


















( Mn P S Si Temperature 

Pet Pet Per Pe Per Normalizing Hardening Annealing 
Mark Cent Cent Cent Cent Cent a ar "hos i "ey | 
M33 0.12 0.44 0.020 0.021 0.25 960 1760 930 1705 910 1670 
M35 0.34 0.68 0.024 0.033 0.22 890 1635 860 1580 840 154 
M22 0.58 0.29 0.914 0.018 0.27 825 1515 795 1465 775 14 
EU 0.81 0.23 0.024 0.021 0.28 810 1490 770 1420 755 13 
\I48 1.00 0.29 0.018 0.016 0.13 810 1490 770 1420 755 1390 
M52 1.26 0.39 0.024 0.018 0.28 925 1695 770 1420 755 1390 


Time of holding at normalizing and tempering temperatures, 1 hour. 

Time of holding at annealing and hardening temperatures, ™% hour. 

All hardening by water quenching, followed immediately by tempering at 260 degrees Cent 
(500 degrees Fahr.). 








nealed, and as normalized, water-quenched, and tempered at 260 de- 
grees Cent. (500 degrees Fahr.). This tempering treatment was 











necessary in the case of the higher carbon steels in order to prevent 
any cracking which might otherwise have occurred. In order to keep 
the treatments uniform, all of the quenched steels were given the same 
tempering treatment. 

In addition to these tests, a further series of tests was made 
upon the 0.81 per cent carbon steel to study the effect of tempering 
temperature between 260 degrees Cent. (500 degrees Fahr.) and 
600 degrees Cent. (1100 degrees Fahr.). The chemical compositions 








and heat treatments of the steels tested are given in Table I. 


Effect of Carbon Content on the Resistance to Wear 


The results of the tests on annealed, normalized, and hardened 
steels, with the Rockwell hardnesses, are summarized in Fig. 5. 







The carbon content apparently had little effect upon the wear of 
annealed steels. Rather surprisingly, the wear of the low-carbon 
normalized steels was greater than that of the annealed steels of sim- 











‘These formulae and methods of calculation are given in the reference noted in foot 
note 2. 
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CARBON CONTENT —PER CENT 


Fig. 5-—Effect of Carbon Content on the Wear of Carbon 
Steels Tested in the Amsler Machine. 


ilar carbon content, but with increasing carbon content the wear rate 
of the normalized steels decreased rapidly, approaching, in the high 
carbon range, the relatively high wear-resistance of the hardened 
steels. The wear of the hardened steels decreased rapidly and reg- 
ularly with increasing carbon content in the lower ranges of carbon. 
In the higher ranges, however, increased carbon did not materially 
affect the wear-resistance. 


—_ 


The microstructures of the annealed steels are shown in | 
the normalized steels in Fig. 7, and the hardened steels in Fig. &. 


6. Effect of Tempering Temperature on the Resistance to Wear 


The effect of tempering temperature on the resistance to wear 
of the 0.81 per cent carbon steel was studied. An attempt was made 
to test this stee! as hardened and also as tempered at 150 degrees 
Cent. (300 degrees Fahr.), but trouble was expertenced due to crack- 
ing of the specimen. The results of the tests, together with the hard- 
ness determinations, are summarized graphically in Fig. 9. These 


curves show that increase in tempering temperature progressively 
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Fig. 6—Microstructures of the Annealed Steels, > Etched with 2 per cent 


nitric acid in alcohol. 
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pe . Fig. 7—Microstructures of the Normalized Steels, X 500. Etched with 2 per cent 
nitric acid in alcohol. 
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lowered the resistance to wear of eutectoid carbon steel as determined 
‘1 the Amsler machine. See Fig. 10 for microstructures. 


Examination of the Abraded Surfaces 


A study was made of the structures of the steels adjacent to the 
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TEMPERING TEMPERATURE 


Fig. 9—Effect of Tempering Temperature on the Wear of an 0.81 per cent Carbon 
Steel. 


worn surfaces. The appearance of these structures in the steels rep- 
resenting the lowest and highest carbon contents are shown in Fig. 11. 

The low carbon steel showed marked distortion of the grains 
near the surface after wear in all conditions of heat treatment. The 
gradation from distorted to normal structure can be seen in the 
photomicrographs. The photomicrographs of the high carbon steel 
do not show any such gradation on the picture, but by comparing 
the structure near the surface with the corresponding normal struc- 
ture shown in Figs. 6, 7, and 8, it can be seen that the entire layer of 
metal adjacent to the surface shown in the photomicrographs of the 
normalized and hardened steels was so severely distorted as to obliter- 
ate the base structure entirely. The structure of these two steels 
slightly below the worn surface could not be resolved under the mic- 
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600°C 
Fig. 10—Microstructures of the Tempered 0.81 per cent Carbon Steel, Xx 500 
Etched with 2 per cent nitric acid in alcohol. Tempered at temperatures indicated. 


roscope even when viewed at a magnification of 2000 diameters. The 
structure of the annealed high carbon steel slightly below the worn 
surface showed evidences of the carbide particles having been brought 
closer together, presumably by the distortion of the surface layers. 
Prolonged etching failed to reveal the ferrite boundaries adjacent 
to the surface. These boundaries were easily revealed at some dis- 
tance below the surface. 

Microscopic examination of the normalized 1.00 per cent car- 
bon steel revealed some interesting and unusual features in the struc- 
ture adjacent to the surface. At one point it was found that a dis- 
torted structure extended inward for some distance and, instead of 
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Fig. 11—Micrographs of the Structures Adjacent to the Worn Surface of the Low 
and High Carbon Steels Tested, * 500. Etched with 2 per cent nitric acid in alcohol. 
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Fig. 12—Some .Unusual Features in the Structure Adjacent to the 
Wearing Edge of a Normalized 1.00 per cent Carbon Steel. Etched with 2 
per cent nitric acid in alcohol. 

a. Micrograph Showing a Sharp Line of Demarcation Between Distorted 
and Normal Structure, « 500. 

b. Micrograph Showing a Thin Layer of Severely Distorted Structure 
at the Wearing Surface, « 2000. 

c. Normal Structure, « 2000. 
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merging gradually into the normal structure, was sharply separated 
from it by a wavy boundary. The appearance of this structure is 
shown in Fig. 12a. 

At other points adjacent to the surface, the same specimen 
showed no definite evidences of distortion of the structure at 500 
magnifications. At 2000 magnifications, however, a thin layer of 
severely distorted structure was found, as shown in Fig. 12b. The 
normal structure at 2000 magnifications is shown in Fig. 12c. 


[1]. Discussion or RESULTS 


Despite the fact that the Amsler wear testing machine has many 

i peculiarities, most of which are at best imperfectly understood, the 
© results of the tests embodied in this report have shown that it is pos- 
§ sible to secure consistent results with this machine. In order to se- 
cure comparable results on two or more materials it is necessary to 
standardize upon some sort of test conditions, and then, if sufficient 
care is taken in making the tests, reliable data should be obtained. 
The interpretation of test results in terms of the application of 
materials for service should be attended by considerable discrimina- 
tion. Attempts to predict the behavior of metals in service from 
wear-resistance data secured with the Amsler machine should be made 
only when the service conditions involve combined rolling and sliding 


* friction under relatively heavy pressures of a type similar to that 


encountered in the Amsler machine. Results obtained by one method 
of investigation of wear usually cannot be applied to service condi- 
tions involving wear of a different kind. 

It is a fact that in the minds of many engineers the terms hard- 
} ness and wear-resistance are synonymous and this opinion is evi- 


»  denced every time the specification for a part to resist wear calls for 


a hardened steel. Generally speaking, it is true that the harder the 
material, the better is its wear-resistance. In the case of the carbon 
steels reported in this paper, the high carbon steels showed a greater 
Wear-resistance than the low carbon steels and the hardened steels 
showed a higher wear-resistance than the normalized steels, which, in 
turn, with the exception of the low carbon range, showed a higher 
wear-resistance than the annealed steels. 

Krom a study of the data and the microstructures of the steels 
tested, it is evident that a martensitic, or rather a martensitic-troos- 
titic structure is the most favorable for resisting wear of the type 
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studied. Although both the annealed and the normalized steels in 4] 
high carbon ranges are relatively soft as compared with the har 
ened steels, their resistance to wear varies widely. The normaliz, 
high carbon steels show a resistance to wear almost as great as ¢] 


of the hardened high carbon steels, while the annealed high carbo, 
steels show a relatively poor resistance to wear. The structures 0 
these normalized and annealed high carbon steels vary marked! 








They may be divided into two classes. The structures of the n 


malized steels are of lamellar pearlite, whereas those of the anneal 






steels are mostly spheroidized cementite and ferrite. This spheroidi. 
zation was the result of the relatively slow cooling through the critical 
range undergone by the steels during the annealing treatment. Fro, 


the curves shown in Fig. 5, it would seem that lamellar pearlite is 





quite resistant to wear. This is in accordance with results reported 








by Lehman.’ In making wear tests on cast iron he found that th 
main factor which governed the resistance to wear of cast iron was 
the percentage of pearlite. 

IXvidently the presence of either free ferrite or free cementite 
(as spheroids) is detrimental to the wear-resistance of normalized 
carbon steels. That free ferrite is distinctly harmful is shown by 
the wear of the low carbon steels, all of which exhibited low resist 
ance to wear. The microstructures of these steels (Fig. 7) show the 
normal amount of free ferrite. 










In the high carbon range, the 1.00 per cent carbon steel, as nor- 
malized, showed a somewhat greater loss of weight than either th 
0.81 per cent or the 1.26 per cent carbon steel (Fig. 5). From th 
microstructures of these steels (Fig. 7), it will be observed that the 
1.00 per cent carbon steel shows relatively numerous patches of free 
cementite. The 1.26 per cent carbon steel, although containing, of 
course, more excess cementite than the 1.00 per cent carbon steel, 
has most of its excess cementite in the form of thin envelopes sur- 
rounding the pearlitic grains. 










As previously mentioned, the normalized low carbon. steels 
showed slightly less resistance to wear than the same steels whet 
annealed. An examination of the photomicrographs of these steels 
(Figs. 6 and 7) revealed that the pearlite in the annealed steels was 
surrounded by cementitic envelopes. The normalized steels did not 






















H. Lehman, ‘‘Wear Tests on Cast Iron,’’ Foundry Trade Journal, p. 36, Jan. 13, 1927 
p. 35, Feb. 24, 1927 
3 . 24, 1927. 
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this feature in their structures. These envelopes, being rather 
steels in ¢ F stinuous and much stronger than the surrounding ferrite, are re 


sible for the wear-resistance of the low carbon annealed steels 


normaliz ; heino greater than that of the same steels when normalized. 
reat as tha \s would be expected, tempering a hardened steel resulted in a 
ugh carbo © cradual lowering of its resistance to wear. It is interesting to note 
ructures oj that the hardened 0.81 per cent carbon steel tempered at 600 degrees 
marked] ® cent. (1100 degrees Fahr.) showed practically the same resistance 
of the nor- » . wear as the same steel annealed. The microstructures of these two 
le anneale © steels (Figs. 6 and 10) seem, upon first glance, to be quite different, 
> spheroidi- / hut a closer examination reveals that the tempered steel shows dis- 
the critica! § tinct evidence of spheroidization. 
ent. Froy q The microstructures of the steels adjacent to the worn surfaces 
pearlite js — <show that the type of wear studied in this report was generally 
ts reported ® accompanied by severe distortion of the structure. ‘This suggests a 
id that th ® reason for the detrimental effect of spheroidal cementite. It would 
t iron was 4 appear that cementite occurring as spheroids is easier to dislodge un- 


der severe rubbing action than cementite which occurs in lamellar 
cementite : pearlite or as relatively thin, continuous envelopes surrounding pearli- 
normalized § tic grains in hypereutectoid steels. 


oT 
shown }y 

low resist ; IV. SUMMARY AND CONCLUSIONS 

) show the ; 

The resistance to wear of a group of carbon steels was studied 


el, as nor- ® by means of the Amsler wear testing machine in which the material 
either th F is subjected to combined rolling and sliding friction under heavy 
From the ; pressures. Annealed carbon steels gave relatively poor wear resist- 
d that the © ing qualities for all carbon contents. Normalized steels showed low 
es of free =  wear-resistance in the low carbon range but had greatly improved 
aining, of : wear-resistance in the high carbon range. The hardened steels 
-bon steel. showed low wear-resistance in the lowest carbon ranges but as the 
lopes sur- * carbon content increased the wear-resistance increased very rapidly 
until about 0.6 per cent carbon. Above this percentage the wear- 
on steels P resistance increased very slowly. Tempering a hardened steel resulted 
eels wher ¢ in a gradual lowering of its wear-resistance. 
1ese steels \ martensitic-troostitic structure was the most favorable for re- 


steels was sisting wear of the type studied. Properly normalized high carbon 


Is did not steels, which showed a structure of lamellar pearlite, had almost as 


Pie eR A 


vood wear-resistance as the hardened steels. Annealed high-carbon 
steels, showing a structure predominately spheroidized cementite, 









264 TRANSACTIONS OF THE A. S. S. T. J 









had relatively poor resistance to wear. Apparently free ferrite 


free cementite (as spheroids) is detrimental to the resistance 4, 
wear. Wear of the type studied usually resulted in marked distortio, 











of the structure of the steel adjacent to the worn surface. 
V. 
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Written Discussion: By Dr. R. L. Geruso, Bell Telephone Laboratories. 
New York City. 

Any paper on the problem of wear is of great importance. For some un- 
explainable reason there appears to be a dearth of information on the funda- 
mentals of wear, although its economic aspect alone should attract the attention 
of investigators. 

Despite the fact that the author has investigated metal to metal wear 
under heavy pressures with sliding and rolling friction, it should be pointed 
out that the surface film characteristics of the “standard” determined in some 
degree the wear-resistance of the carbon steels tested. Two different materials 
used as “standards” possessing identical surface corrosion characteristics under 
the conditions of test would give results difficult to differentiate. It is granted 
that at the beginning of the test, before appreciable corrosion films have de- 
veloped, variations in wear-resistance, if such exist, would be obtained. How- 
ever, once sufficient quantities of these films have formed, differences in wear- 
resistance would be hard to detect. It is felt that greater thought and atten- 
tion should be given to the corrosion film characteristics of various materials 
















under the conditions of test, as it has been our experience, especially where 
light loads are operating, that the character of the surface films developed and 
its rate of formation is one very important factor in the intermittent wear of 
metals. 

It was stated in an earlier section of this paper that in the case of steel 
wearing against steel, the films formed are supposed to be oxides of iron and 
that these oxides act as abrasives. It is suggested that an evaluation be made 
of the abrasive qualities of these oxide films which are subsequently “charged” 
into the surface of the standard specimens. Moreover, our experience with 
problems involving the wear of metal to metal under light loads has shown 
that the nature of the underlying metal, and the adherence of the surface films 
formed, have great bearing on the wear of metals. 

Before definite laws can be established relating to the wear of various 
classes of materials, the fundamental causes governing the variations that 





occur should be understood. It is pleasing to see that the author has tried to 






relate the following factors in his problems of wear: nature and type of struc- 
ture, chemical analysis, and heat treatments. It has been our contention that 
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ysideration of the nature and type of structure is more important than the 
hemical analysis, and that a correct understanding of the conditions of use 
iso a prime consideration. 

rhe fact that a martensitic-troostitic structure is the most favorable for 
esisting wear under heavy loads with sliding and rolling friction is verified by 
tual experience. Such a structure imparts remarkable wear resisting qualities 
our 12 per cent manganese steel. Certain nickel-chromium steels’ that have 
lately been used for special installations where severe wear is encountered have 
also proven to be the equal or superior as wear-resisting material to our 12 


ner cent manganese steel. It may be that the excellent wear-resisting qualities 


of this steel are likewise due to a definite proportion of martensitic-troostitic 


structure. 

Written Discussion: By D. E. Ackerman, research laboratory, Inter- 
national Nickel Company, Inc., Bayonne, N. J. 

In his discussion of film formation, Mr. Rosenberg has referred to the 
work of Dr. Max Fink, who claimed that in the absence of oxidizing gases he 
had obtained no wear with steels which wore freely when tested in air. The 
possibility of an effect of this sort is of such importance that the writer de- 
cided to check Dr. Fink’s results, but was prevented from doing so by the 
fact that Dr. Fink’s original publication in the “Organ ftir die Fortschritte des 
Eisenbahnwesens” overlooked one of the desirable features of a scientific paper 
in that it did not describe the experimental conditions in sufficient detail to 
permit of their accurate reproduction by others. No description or adequate 
photographs of the gas cell were given; the rate of gas flow into the test cell, 
and sufficient details regarding the nitrogen purifying train to permit others 
to produce equally pure nitrogen, were among the other important details which 
were omitted. 

Although aqueous solutions were used by Dr. Fink in removing oxygen 
from his gas, the effluent gas from the drying train was apparently not tested 
to insure its freedom from moisture. In my own Amsler tests on cast iron, 
[ have found that a surprisingly small content of moisture, even in relatively 
high oxygen content test atmospheres, is sufficient to lubricate the disks excel- 
lently, and to reduce the wear rate to a very low value. It has also been my 
experience that reducing the oxygen content of the dry test atmosphere markedly 
increases the wear rate, for, under these conditions, compact, adherent, pro- 
tective oxide and wear-product films form much less readily. It is, therefore, 
my opinion that the type of wear which may take place in a dry, oxygen-free 
atmosphere should be considered an open question until further studies of the 
subject become available. 

The data obtained by Mr. Rosenberg are in qualitative agreement with 
the commonly held idea that, for a given condition of heat treatment, wear- 
resistance is increased by increasing the hardness; moreover, the data confirm 
the well-known fact that, for a given hardness, the rate of wear varies with 
the microstructure. The great effect of hardness on wearing quality is well 
demonstrated by the author’s Fig. 9, and the fact that the wear-hardness re- 
lationship in this case follows no mathematical law might be considered con- 


‘Nickel Steel—International Nickel Company Bulletin No. 10. 
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firmatory evidence of the fact that hardness and microstructure are o1 
of the factors affecting wear. What sort of wear-tempering temperatur: 
would the author expect if both disks of 0.81 per cent carbon steel had hee: 
tempered at each of the temperatures given in Fig. 9? Data on the equilibriyy 
torques attained in the tests would be of interest, as they would throw light 
the frictional properties of the steels. Is there any relation between cur 
obtained by plotting equilibrium torque and hardness or wear against car} 
content ? 

It should be pointed out that the results reported in the paper are la 
dependent upon the test conditions which were arbitrarily selected. The rates 
of wear would probably have been different if a low carbon steel had hee; 
chosen as the standard, or if the 0.81 per cent carbon standard steel had bee; 
used in the annealed or normalized condition. Indeed, it is probable that th 
small effect of carbon content upon the wear of the annealed steels is due + 
the fact that in this condition the hardness difference between different steels 
was negligible as compared with the hardness difference between any give 
steel and the steel which was chosen as the standard. 

It seems to me that in a series of tests of this sort the rate of wear of th 
standard disks by the test disks is quite as important as the rate of wear oj 
the test disks themselves. In practice, the rate of wear of one part of a wear 
ing system cannot be considered independently of that of the rest of the sys- 
tem. I hope the author, in his closure, will include the rates of wear of th 
standard specimens when used against each member of the series of test disks 

[ am inclined to disagree with Mr. Rosenberg when he says the Amsle: 
wear-testing machine has many peculiarities. I suspect that these “peculiari- 
ties” are actually the results of the operation of unidentified factors which affect 
wear, and whose effects become apparent only because the Amsler machine now 
makes it possible to keep the more obvious factors, such as load and specimer 
motion, under control. There are ample grounds for believing that such uniden 
tified influences exist, and it would seem desirable to correct this conditior 
before too much effort is devoted to the systematic determination of wear rates 
under conditions which may later be found to exclude some important com- 
ponent of wear, or which may render correlation of different sets of data 
difficult. 

The author rightly stresses the fact that his data are applicable to the 
prediction of service life only in the case in which service conditions ar 
identical with his laboratory conditions... Those not intimately associated wit! 
the study of the wear of metals will not appreciate the enormous difficulties 
involved in conducting laboratory tests under service conditions. The problen 
is complicated, as has been said, by the existence of unidentified factors which 
affect wear, and by the fact that small changes in some of the less easily con- 
trolled variables may effect great changes in the rates of wear. It is my opinion 
that the position which will ultimately be accorded the wear test will be of 
the same type as is now accorded the corrosion test; that is, the laborator) 
test will be used to indicate the general type of service in which a given allo) 
may be used to the best advantage, and to select from the whole group of alloys 
available the best ones for a given general type of service. The selection 0! 
a material for his specific installation will be made by the user after trial instal- 
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f the small number of alloys which the laboratory tests have shown to 


s,s 0 


ar + for the general type of wear of which his particular problem is a special 
are oO] nn B . i 5 ° 


erature ‘ ? 
; Oral Discussion 
teel had fy 


— 14 . - ’ . ‘ . 
le equiltbriun \ H. D’ArcAMBAL:? Users of tool steel are always much interested in 
Irow light o; papers covering wear-resistance of various materials. Unfortunately, 
' eS F wever, the results usually obtained by these various wear testing machines do 
S4INSt Carbo + seem to bear out the results obtained in practice. I was speaking to Mr. 


Rosenberg this morning concerning the results obtained from the normalized 


gel : 1) per cent carbon tool steel with a Rockwell hardness of B 105, this material 
q Lm I 


l. The rates 


eel had bee 


tween cury 


showing as great wear-resistance as hardened carbon tool steel, 1.20 per cent 


carbon, with a Rockwell of C 60. We also noted that the 0.12 per cent carbon 


eel had bee; 


able that t] 


eel hardened and drawn to 500 degrees Fahr. possessed a Rockwell reading 
; of C 32. This hardness is considerably greater than one usually obtains from 
els is due steel of this composition quenched and drawn to 500 degrees Fahr. The author 
terent Steels also stated that the wear-resistance seemed to be increased when cementite net- 


a any give ; works were present. In regard to carbon tool steel, cementite networks are 


extremely objectionable. If the material comes to us in the annealed condition 


week ae th with cementite network present and also from 80 to 100 per cent lamellar pearl- 
Ot wear of ‘te. we not only experience trouble machining as well as hardening this steel 


t ot a wear due to cracking and non-uniform size change, but we also find that tools such 


of the sys. as taps made from annealed carbon tool steel with cementite networks present 


WERT GS th will chip after very short service. It is therefore the practice of the majority 


ot test disks of tool steel manufacturers to specify annealed carbon tool steel almost com- 


the Amsle : pletely spheroidized or with a maximum of 20 per cent lamellar pearlite present 
peculiari- : and with complete absence of cementite network. 
which affect : H. G. Kesuran:* I am much interested in this paper; because it deals 


nachine now with an important property of steels on which we have little information of 


nd specimer practical value. 

uch uniden- ; Mr. d’Arcambal stated that the existing methods of testing the wear- 
- condition resistance of steel are not satisfactory and as an illustration he pointed to the 
wear rates results in Fig. 5 where the wear-resistance of normalized high carbon steel 1s 


Seen 


rtant com- ‘ near that of hardened high carbon steel, and said that if this is taken at its 


ets of data face value, normalized plug gages should last as long as the hardened plug 
gages. This of course, as Mr. d’Arcambal says, is not true. I think it goes 


¢ . . . ° =e F mar 
able to th to show that when speaking of wear one must definitely state the type of weat 


ditions art under consideration. For instance, we have the straight wear of a cold 


ciated wit drawing die with considerable pressure, impact wear of a header die, rolling 


difficulties 


wear of a roller or ball bearing, and it is quite obvious that no single manner 
he pr blem 


of wear testing can be applied to these different types of wear. An attempt to 


tors which the contrary will surely result in contradictions. This point alone, perhaps, 
sasily con- will explain some of the unsatisfactory features of some of the present wear 


my opinion testing methods. 


will be of It seems to me that further study has to be made of the precise effect of 


laboratory the condition of cementite in hardened steels upon its wearing properties, that 
given alloy 

7 ‘tallurgis Ts & i . ‘O. artford. 
ip of alloys Metallurgist, Pratt & Whitney Co., Hartford 
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is, whether the carbides are in solution or out of solution. We have actually 
faced this problem in a practical way. We had some very hard high carl 
steel cold drawing dies and we obtained some results that did not look yer, 
good. Then we wanted to get all the carbide first in solution by using ¢o; 
siderably high hardening temperature. The results still did not look quite satis 
factory. The reason for this, we thought, must be that we were eliminating tl, 
wear-promoting constituent, that is, the carbides. Then we wanted to hay 


some free carbide and used much lower hardening temperature. 


g tl 
The results 
were much better. We are not, however, satisfied that this is a conclusiy; 
proof on the condition of carbides as they affect the wear-resistance and ar 
carrying further tests. 

Another point of interest to me in this paper is the effect of carbon on 
the wear-resistance. Mr. Rosenberg finds that above 0.60 per cent carbon 
there is no straight line relation between carbon content and wear-resistance 
and particularly, increase in wear-resistance above 0.60 per cent carbon is yer, 
little. This has been our experience with straight carbon steel drawing dies 
made from steels with carbon varying from 0.80 to 1.25 per cent. 

C. L. Frear:* About three years ago we had occasion to make wear tests 
on a number of sample lots of steel. Actual production tests were made by 
running the samples as vertical thrust bearings, the spherical bearing surfaces 
having a radius of approximately one inch, the load on the bearing being 36 
pounds and the speed of rotation 6500 revolutions per minute. Both wearing 
parts were of the same composition. 

We found that annealed carbon tool steel containing about 1.10 per cent 
carbon when quenched in water trom 1600 degrees Fahr., then tempered at 300- 
400 degrees Fahr. gave the best wearing qualities even though a new file would 
bite the surface. 

It was further found that the wearing qualities were much improved by 
heating this material to 1650 degrees Fahr. and cooling in air before subjecting 
it to the above heat treatment. This fact and also the study of micrographs 
lead us to believe that the presence of spheroidized cementite was a distinct dis- 
advantage where good wearing qualities were desired. We finally, therefore, 
purchased our steel annealed only sufficiently to give us desirable machining 
properties. Such spheroidized cementite as is present in this annealed mate- 
rial is in a finely divided state and is easily eliminated by the normalizing 
treatment. 


Author’s Closure 


I wish to thank Mr. Ackerman for his thorough discussion. 


His remarks 
as to the effect of atmosphere upon wear-resistance are extremely interesting 
and I hope that his experimental data will be made available shortly. He re- 
fers to the formation, under certain conditions, of a protective oxide film upon 
the surfaces of the test specimens and states that in a dry, oxygen-poor atmos- 
phere these protective films form less readily. It is doubtless true, that the film 
protects, in a measure, the surface upon which it forms, but it also tends to 


*De Laval Separator Co., Poughkeepsie, N. Y. 
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abrade the surface with which it is in contact. Some tests made at the Bureau 


of Standards showed that when the surface films were removed mechanically 
the wear rates were noticeably lower than when no attempt was made to re- 
move the films. Mr. Ackerman has undoubtedly observed the fact that the 
lower specimen in the Amsler machine usually forms a heavier film than the 
upper specimen. This film, then, while it may protect the lower specimen in 
some degree, exaggerates the wear upon the upper specimen. Iron oxide 
(Fe.O;) has a Moh’s scratch hardness of about 5.5 to 6.5 and martensitic steels 
are softer than this as is evidenced by the fact that rouge is sometimes used 
for polishing steels. 

With reference to Mr. Ackerman’s question as to what sort of wear- 
tempering temperature curve would be expected if both disks of 0.81 per cent 
carbon steel had been tempered at each of the temperatures given in Fig. 9, 
| would hesitate to make a definite statement. The combinations of metals 
tested have an important and, quite frequently, a surprising influence upon the 
rate of wear. I will venture the opinion that the general form of the curve 
would be the same as that shown in Fig. 9. The relative values, however, 
might be quite different. With reference to the equilibrium torques obtained 
during the tests, these were fairly uniform for all the steels tested. The 
carbon content of the steels apparently has little, if any, influence upon the 
torque. It was noted, however, that the equilibrium torques of the hardened 
steels were slightly less than those of the normalized and of the annealed steels. 

I do not believe that the very small effect of carbon content upon the 
wear of the annealed steels was due mainly to the fact that in this condition 
the hardness difference between different steels was negligible as compared with 
the hardness difference between any given steel and the hardened steel which 
was chosen as the standard. This same general situation exists in the nor- 
malized steels, yet the carbon content had a marked influence upon the wear 
of these steels. These curves point to the fact that the microstructures of the 
steels have a much greater influence than the hardness upon the wear. 

Experimental curves of the wear of the standard specimens were plotted 
during the progress of the investigation. Due, in my opinion, principally to 
the fact that these “standard” specimens were the ones which formed the heavier 
films, the wear of these steels was quite erratic and no consistent relationship 
between the wear of these “standard” steels against the test steels could be 
obtained. It may be mentioned that the wear of these “standard” steels was 
always less than that of the test steels. 

The “peculiarities” to which I referred when speaking of the Amsler ma- 
chine consist mainly of the surface films which form during test. These films, 
it is known, affect markedly the wear test results. Since these films are a 
natural result of wear between two metallic surfaces, it seems logical not to 
attempt their removal during test. Although methods for controlling these 
films may be devised, it is questionable whether the results obtained are truly 
representative of the wear-resistance of the combination of- materials tested. 
Furthermore, if the positions of the two test specimens in the machine are re- 
versed the results obtained are quite different due to the fact that the relative 
films formed and the motions of the specimens are different. 

Mr. Ackerman’s general remarks upon the difficulties of wear testing can 
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FORMATION AND ELIMINATION OF NONMETALLIC 
INCLUSIONS IN THE ACID OPEN-HEARTH PROCESS 












By C. H. Herty, Jr., ANpD J. I. JAcogs 








Abstract 






The first section of this paper includes a general sum- 
mary of the manufacture of acid open-hearth steel. 

The second part of the paper contains a detailed study 
of the following: 

1. The elimination of nonmetallic matter originating 
in the charge and from the furnace lining. 

2. Oxidation of metal during working of the heat. 

3. Deoxidation with ferrosilicon and ferromanganese 
and with special manganese-silicon alloys. 

f. Elimination of silicates in the ladle. 

Experimental results imdicate that steel deoxidized 
with a manganese-silicon alloy with the proper ratio of 
manganese to silicon gives a much cleaner steel in the ladle 
than steel deoxidized with ferrosilicon and ferromanganese. 
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‘s JR the past five years, the United States Bureau of Mines, in 


cooperation with Carnegie Institute of Technology and_ the 





Metallurgical Advisory Board, has been engaged in the study of the 
physical chemistry of steel-making, with particular emphasis on the 






basic open-hearth process. In February, 1930, a cooperative agree- 






ment was made between the United States Bureau of Mines and the 
Heppenstall Co. of Pittsburgh, Pa., to study the acid open-hearth 






process, with particular emphasis on the oxidation and deoxidation 





of the steel made thereby. Such a study necessarily involves all 






phases of steel melting in the acid furnace. 













SCOPE OF THE INVESTIGATION 








At the outset of the investigation it was decided to study six 





major factors in the production of acid steel, and two grades of alloy 
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A paper presented before the Western Metal Congress held in San 
Francisco, California, February 16-20, 1931. Of the authors who are members 
of the society C. H. Herty, Jr., is physical chemist, Pittsburgh Experiment 
Station, U. S. Bureau of Mines, and J. E. Jacobs is research metallurgist, The 
Heppenstall Co., Pittsburgh. Manuscript received December 30, 1930. 
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steel of the following percentage analysis were chosen for 
investigation : 


th 


e 













Constituent Grade 1 Grade 2 
Carbon 0.28-0.33 0.52-0.57 
Manganese 0.60—-0.80 0.55-0.70 
Silicon 0.20-0.30 0.20-0.30 
Nickel 1.5 -2.0 1.5 -2.0 
Chromium 0.60—-0.80 0.60-0.80 
Molybdenum 0.40-0.50 0.20-0.25 
Vanadium 0.15+ 0.15+ 
Phosphorus (max.) 0.040 0.040 


Sulphur (max.) 0.040 0.040 














The six factors to be studied were: 








1. The elimination of nonmetallic matter originating in the 
charge and from the furnace lining. 

2. Oxidation of the metal during the working of the heat. 

3. Deoxidation with ferrosilicon and ferromanganese and with 
special manganese-silicon alloys. 

4. Elimination of silicates in the ladle. 

5. Segregation of nonmetallic matter in the ingot. 

6. Slag-metal reactions. 





The experimental work is being carried out in the 20-ton fur- 
naces of the Heppenstall Co. The average weight of metal tapped 
is 57,000 pounds. The hearth is 18 feet long and 7 feet wide, and 
the furnace is oil-fired. 









To date, the first four items have been studied in detail, and 
work is being carried out on items 5 and 6; and, also, in connection 
with item 6, a further study is being made of the oxidation of the 
metal (item 2). Inasmuch as the writers expect to publish the 
results of further work at a later date, and as most previous work 













on the acid furnace has been connected with slag-metal reactions, 
reference to some previous investigators will be omitted here. 





GENERAL SUMMARY OF AcID OpEN-HEARTH PRACTICE 





The acid open-hearth process has been reviewed in a number of 
textbooks and in articles in technical journals. The most complete 
article on this subject is by Rassbach,! who gives an excellent review 
of present-day acid-steel melting practice. In view of this fact, the 





‘H. P. Rassbach, “Acid Open-Hearth Steel,” Transactions, American Society for Steel 
Treating, Vol. 15, 1929, p. 289. 











| fur- 
apped 
, and 


, and 
‘ction 
f the 
1 the 
work 
Hons, 


here. 


or of 
plete 
view 
, the 


Steel 


1932 ELIMINATION OF NONMETALLIC INCLUSIONS 273 


writers give only a brief outline of this phase, and those interested 
are referred to Rassbach’s paper for details. 


The Charge 


Only a trace of the phosphorus and none of the sulphur 1s 
eliminated in the acid open-hearth process. This necessitates a care- 
ful selection of the materials to be used in the charge, because the 
finished product may contain a slightly higher percentage of both 
of these elements than the average of the charge, due to melting 
losses and a possibility of pick-up of sulphur from the flame. As 
for the carbon content of the charge, this element is oxidized readily 
and is controlled according to the type of product to be made rather 
than any limitation of the furnace. A high percentage of manganese 
is desirable in the charge, because during the melting period a large 
part of it is oxidized and gives a clean slag. Frequently, spiegel 
or ferromanganese is charged to bring the percentage of manganese in 
the charge up to 1.0 per cent or more for this reason. As a rule, 
the charge is made up to contain about 0.75 per cent of silicon for 
the three following reasons: 

1. The oxidation of silicon is an exothermic reaction and 
facilitates the melting of the charge. 

2. A considerable amount of FeO is produced on melting 
from oxidation of the scrap by the flame and from the rust in the 
charge. If there is not sufficient silicon in the charge to take care 
of this FeO, the furnace banks will be badly attacked. 

3. If the silicon did not use up this FeO in the charge the 
bath would melt down wild, and the carbon content of the bath would 
be below the percentage desired at melt-down. 

The scrap used must be selected by inspection and with 
much care. It is difficult and almost impossible to obtain a rep- 
resentative sample of scrap for analysis. The size of the scrap is 
also of importance. Unless the proportion of pig iron is large, light 
scrap makes it difficult to get a full charge in the furnace. 
Also, light scrap is excessively oxidized in melting, decreases 
yield, makes it difficult to control the carbon at melt-down, in ad- 
dition to a resultant excess of FeO attacking the furnace banks. 


Condition of the Heat at Melt-Down 


The length of time necessary to melt an all-cold charge varies 
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from 3 to 5 hours, depending upon several factors: (1) The higher 
the percentage of pig iron in the charge the more rapidly it can be 
melted; (2) a new, sharp working furnace will melt a charge much 
quicker than a furnace that is nearing the end of its campaign: 
(3) lastly, the type of fuel used and methods of combustion control 
govern to a great extent the rapidity of the melt-down period. 
When the charge is melted, the bath contains an average oj 
0.15 to 0.25 per cent silicon and 0.15 to 0.30 per cent manganese. 
In addition, there is usually present 0.50 to 0.75 per cent carbon 
in excess of that required in the finished product. The following 


tabulation gives two typical slag analyses at melt-down: 


Type of Heat FeO* MnO SiO, CaO 
0.55 C 19.72 23.60 54.88 0.74 
0.30 C 26.44 19.53 51.40 0.46 


*Total Fe given in terms of FeO. 
Reactions for Elimination 
Carbon is eliminated by reaction with iron oxide, 
C+ FeO @ CO + Fe. 


However, before the carbon can be removed to any great extent the 
residual manganese and silicon must be reduced to a value below 0.10 
per cent, because at higher contents of silicon and manganese the 
iron oxide content of the bath is too low to allow reaction with 
carbon to proceed. This is accomplished by the iron oxide resulting 
from oxidation during melting in the interval between melt-down 
and the first ore addition, by the following reactions: 

Si + 2FeO @ SiO, + 2Fe, 

Mn + FeO @ MnO ¢+ Fe. 
The main purpose of this interval is to get up temperature in the 
furnace and have the bath as hot as possible, because this condition 
is necessary for properly working a heat. 


Working the Heat 


After the residual manganese and silicon have been reduced 
and the proper temperature has been attained, the steel is ready to 
he refined. There are arguments both pro and con as to the merits 


of using appreciable amounts of ore during the working period. ‘The 


general practice in this country has been to use small amounts of ore, 
whereas in foreign countries, especially Sweden, the practice has been 
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to use large amounts of ore, even up to.a short time before tap- 


As soon as the ore addition has been made, a vigorous boil 


pine. 
ensues, and the carbon content of the bath begins to drop rapidly. 
When the fracture test reveals that the carbon content is approaching 
that desired in the finished product, silicon and manganese are added 
to the bath in the form of ferrosilicon and ferromanganese. This 
addition prevents further oxidation of carbon by the iron oxide. 
\fter the report has come from the laboratory that the carbon is at 
the desired point, the various alloys are added at definite intervals, 
usualy about 10 minutes. After the final manganese addition the 
heat is held in the furnace about 15 minutes before tapping to make 
certain that all the alloys go into solution. The heat is then tapped. 
There is a great difference of opinion as to the proper pouring 
The 


time that the ladle can be held depends on the size of the heat and 


conditions, which includes handling the metal in the ladle. 
the temperature of the metal going into the ladle. The larger the 
heat and the higher the temperature the longer the ladle can be held 
without danger of freezing up during pouring. 

The question of pouring ingots has been reviewed in detail 
In 


by Rassbach and will not be discussed here. acid open-hearth 


operation it is advisable to make all deoxidizing additions in the 


furnace and as few as possible in the ladle. In contradistinction 
to basic open-hearth practice, the alloy losses are smaller in acid 
practice because the slag 1s so much less oxidizing toward the metal. 
UsEpD 


EXPERIMENTAL METHODS 


The procedure used in this investigation was to follow heats 
from the time the furnace was charged until the steel was poured 
into the ingots. The analysis of the charge was known from a 
previous knowledge of the materials charged. Metal and _ slag 
samples were taken at definite intervals until the time the heat was 
ready to be deoxidized, just before deoxidation, at definite intervals 


between deoxidation and tap, and metal samples were taken on the 
pouring platform. The iron oxide in the metal was determined by 
‘the aluminum method.? The visible nonmetallic content® of the steel 
C. H. Herty, Jr., J. M. Gaines, Jr., H. Freeman and M. W. Lightner, “A New Method 
Determining Iron Oxide in Liquid Steel,’’ Technical Publication No. 311, American 
nstitute of Mining and Metallurgical Engineers, February, 1930, 13 pp. 
‘C. H. Herty, Jr., C. F. Christopher and R. W. Stewart, “The Physical Chemistry of 
Steel Making: Deoxidation with Silicon in the Basic Open-Hearth Process,’’ Cooperative 


Bulletin 38, U. S. Bureau of Mines, Carnegie Institute of Technology, and the Metallurgical 
Advisory Board, February, 1930, pp. 25 to 29. 
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was determined by the inclusion-count method. The electrolytic 
method* was used on these samples, but due to alloy contamination 
the present method had to be revised to take care of this type of steel 
The slag viscosities were taken by the inclined-plane method.® 


RESULTS OF THIS INVESTIGATION 


Elimination of Nonmetallic -Matter Originating in the Chara 
and from the Furnace Lining 


Due to the difference in opinion of various operators as to 
the amount of ore to be used during the working period, this 
investigation includes heats which were worked (1) with no ore 


addition; (2) with very small ore addition; and (3) with relativel; 


large ore additions. 

From a theoretical point of view it seems reasonable that a 
large ore addition should be most advisable. In the bath after the 
silicon has been oxidized are a large number of small glassy silicate 
particles. To aid in their transfer from the metal to the slag, 
some action must take place, and the most logical agent to produce 
this action, as a lime boil is impossible, is an ore boil. For this 
purpose, a large lump ore is the best because it causes a much more 
violent boil than the small ore. On heats which melt down low 
in silicon, a vigorous action commences as soon as the heat is melted 
These heats require less ore to obtain the desired action than those 
melting down higher in silicon. The amount of ore to be added 
is therefore left to the judgment of the melter who can easily 
estimate the silicon content in the bath at time of melt-down. 

In addition to the vigorous action in the bath, there is one 
more factor that facilitates the removal of these silicate particles, 
and that is a fluxing agent. As the rising velocity of a particle 
of nonmetallic matter in the steel bath is proportional to the square 
of its diameter, the larger the particle the more rapidly it will rise out 
of the steel bath and enter the slag. For this reason it would seem 
advisable that some oxide such as MnO be formed in the bath at the 
time of the ore addition. The oxides SiO,, MnO, and possibly some 


‘Cooperative investigation in progress. 

°C. H. Herty, Jr., F. A. Hartgen, et al, ““Temperature-Viscosity Relations in the System 
CaO-SiO,”; Cooperative Bulletin 47, U.S. Bureau of Mines, Carnegie Institute of ech- 
nology, and the Metallurgical Advisory Buard, October, 1930, 28 pp. 

C. H. Herty, Jr., “The Diffusion of Iron Oxide from Slag to Metal in the Open-Hearth 
Process,’’ Transactions, American Institute of Mining and Metallurgical Engineers, Iron 
and Steel Division, 1929, pp. 284 to 299, 
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HeQ would then combine, form large globules, and have a much 
ereater tendency to rise to the slag during the boil than would the 
small SiO, particles alone. Following this line of reasoning, a spiegel 
addition of approximately 50 per cent of the weight of the ore is 
added to the bath just before adding the ore. Part of the manganese 
in the spiegel forms MnO in the bath when the ore is added and 
acts as the fluxing agent. 

The following tabulation shows the percentage reduction in non- 


metallic content of heats worked with ore and with ore and spiegel : 


Heats with Heats with ore 

ore alone and spiegel 
Before ore addition 0.008 0.006 
One hour later 0.003 Less than 0.001 


The advantage of using ore and spiegel is clearly shown and, as a 
matter of fact, on two of the heats worked with ore and spiegel there 
was no visible nonmetallic matter one hour after the ore addition. 

About 1 to 1% hours after the ore addition, the steel begins 
to “dirty up” again. Fig. 1 gives an example of the pick-up of 
nonmetallic matter from this time until the steel is ready to be 
deoxidized. It will be noted that the curve shows a maximum and 
that the heat is cleaning up at the time of deoxidation. From all 
indications it would seem that this increase in nonmetallic matter 
comes from bottom materials. 

The types of inclusions are exceptionally small and very high 
in silica, and as there is very little silicon in the bath which can 
be oxidized to SiO,, it seems impossible that this material could 
come from that source. This would indicate that the various grades 
of sand used for bottom material and the various methods of burning 
in the bottom materially affect the cleanliness of the steel during 
the working period. 

The following tabulation shows the percentage of nonmetallic 
matter before this pick-up begins and the nonmetallic content just be- 
fore deoxidation. This well illustrates the importance of using proper 
bottom materials. 


Before SiOz pick-up from bottom begins 0.002 per cent 
Silicate content just before deoxidation 0.005 per cent 


There was considerable variation in the total amount of nonmetallic 
matter picked up. The nonmetallic content—0.005—is the average of 
seven heats. The dirtiest heat contained 0.016 and the cleanest 0.001 
per cent silicates. 
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Fig. 1—Silicate Content of Acid Open-Hearth Bath During Working Period. 






























2. Oxidation of the Metal During Working of the Heat 





Numerous data showing the oxidation of the steel in basic 
open-hearth furnaces have been published by one of the writers in 
connection with the work on the physical chemistry of steel-making 
mentioned at the beginning of this article. To the best of our 
knowledge, only one oxidation curve has ever been given for acid 
open-hearth work. One of the essential factors of this investigation 
was therefore a study of the oxidation of the bath and the factors 
controlling it. On all the heats, iron oxide in the metal was deter- 
mined by the aluminum method, and the curves for the two grades of 
steel studied and for one heat of low-carbon steel? are shown in 
) 


IY 
710 
ig. 


The oxidation curves for the 0.55 and 0.30 per cent carbon 










grades have been corrected for visible nonmetallic matter, whereas 
the oxidation curve for the low-carbon heat has not been so cor- 
rected. However, the corrections are small enough on the higher 
carbon steels that they amount to very little on the high iron oxide 
of the low-carbon steel heat. As would be expected, the oxidation of 
the heat increases as the carbon drops, although this is not as pro- 
nounced on the high carbons as on the low-carbon heat. The factors 
affecting the oxidation of the metal are (1) the carbon content; (2) 
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the slag composition; (3) the slag viscosity ; and (4) the temperature. 
The oxidation of the metal at 0.30 and 0.55 per cent carbon on the 
low-carbon heat is greater than on the higher carbon grades because 
the slag was kept much more highly oxidizing so that the heat could 
be brought down to 0.12 per cent carbon as rapidly as_ possible. 

In basic open-hearth practice the iron oxide content of the 


Deoxidizers added 


metal very seldom decreases unless a deoxidizer is added. On the 





other hand, in acid operation such a drop has been noted before 
the addition of the deoxidizers. This drop is caused by the change 
in slag composition and viscosity. As the slag picks up more and 
more silica from the furnace lining, the free iron oxide content 
decreases and the viscosity of the slag increases. Both of these 
factors tend to decrease the rate of diffusion of iron oxide from slag 
to metal, and as the carbon reaction is proceeding at all times, there is 


4 ; necessarily either a decrease in the rate of pick-up of iron oxide or 
an actual decrease in the iron oxide content of the bath. The average 
iron oxide content of the metal before deoxidation was 0.054 per 
cent for nine heats of the 0.55 per cent carbon grade and 0.076 per 

cent for three heats of the 0.30 carbon grade. The single heat of 
orn 0.12 per cent carbon steel showed 0.17 per cent iron oxide. As the 
ia carbon drops, there is more and more iron oxide to be deoxidized, 
aking which, with normal deoxidation practice, would result in more and 
‘iam more nonmetallic matter in the final product. It will be noted, 
mais however, that the change from the low-carbon steel to the 0.30 per 


sii cent carbon steel is more pronounced than the change from the 0.30 
allo . ' a ; 
to the 0.55 per cent carbon steel—a fact which is in accord with 


ictors : . , 
Lie theory and which has also been noted in basic open-hearth work. 
les of i : ‘ ; 2 or . : 
3. Deoxidation with Ferrosilicon and Ferromanganese and with 
yn in — Ss saad 
Special Manganese-Silicon Alloys 

irbon ; 
ereas } Before discussing deoxidation, it is necessary to remark on 
cor- the condition of the slag throughout the heat. As mentioned 
igher previously, slag viscosities were measured by the inclined-plane 
xide method, *° which is operated as follows: 
mn of Fl y . : 2 ane 

e [he viscosimeter consists of a steel plate 51 inches long and 

O- . . ° ° ° ° 

6 inches wide bent to give a 6-inch horizontal section, and a 
ctors 30-inch section inclined 30 degrees to the horizontal. This is 

2) set up directly in front of the wicket hole. A spoonful of slag 


is taken from the furnace, the spoon rested on the horizontal 
section, and then turned quickly so that the slag runs down the 
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plane. The slag freezes on the plane. The thickness of the sl: iy 
at an arbitrarily chosen point 6 to 10 inches from the Lnetiaaliel 
section is measured with a pair of micrometers reading in milli- 
meters. This thickness has been found to be 
of the true viscosity of the slag. 


a direct indicator 


Not much is to be done to control the slag viscosity until about 
an hour after the ore addition. The increase in the FeO content 
due to the ore addition causes the slag to be very thin and watery 
during this interval. It is very important that the slag have the 
proper viscosity when the heat is ready for deoxidation. If the 
slag contains only silica, iron oxide and manganese oxide, there is a 
very sharp change in viscosity at 56 to 58 per cent silica. On the 
other hand, if lime is added to such a slag the change in viscosity 
is not so sharp and the viscosity is more easily regulated. Hence, 
after the ore has worked through the bath, 200 to 400 pounds 
limestone is added to the slag, depending upon its condition at that 
time. From then on until the heat is tapped, the viscosity is watched 
very closely, for great care must be taken to see that the slag does 
not become too heavy or viscous, because if this happens the non- 
metallic matter in the bath at this time and also the products of 
deoxidation do not have much chance of entering this type of slag. 
Moreover, a heat tapped with a heavy viscous slag over it usually 
shows a “kick-back” of inclusions in the ladle. By this is meant that 
the nonmetallic content of the steel after tapping is higher than the 
nonmetallic content of the steel in the furnace just before tapping. 
Thus, before any final additions are made to the heat, if the slag has 
a tendency to become heavy and viscous, a few shovels of fine ore 
dust, manganese dust, or scale are scattered over it until it reaches 
the desired viscosity. Burnt lime may be used at this time, but its 
action is much slower than the materials mentioned. 

If the slag has been worked properly, the only danger which 
the operator faces is that it may become too heavy through excessive 
erosion of the furnace lining. However, if the slag should be too 
thin before deoxidation, which is not probable, it may be thickened 
by dropping the temperature slightly or by adding silica sand. 

The following tabulation shows the average slag and metal com- 
positions which were found in this work just prior to deoxidation: 


Slag Metal 
Grade FeO MnO SiOs CaO G Mn Si 
0.55C 15.66 20.79 55.00 4.88 0.49 0.17 0.10 


0.30C 18.88 18.14 55.10 4.12 0.17 0.10 0.08 
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The average slag analysis for the 0.55 per cent carbon 


YTa 


includes the heats deoxidized with ferrosilicon and ferromanganes 

and with the manganese-silicon alloy, because the slag analyses we: 
essentially the same for both types of heats. However, the heat 
deoxidized with the alloy were killed at 0.45 per cent carbon instead 
of 0.49 per cent on account of the carbon content of the alloy. ©; 
the 0.30 per cent carbon grade the carbon content is lower at ci 
oxidation than would normally be expected for the same reason 

that is, the carbon content of the alloy is greater than the carbo 
content of ferrosilicon plus ferromanganese. 

rom the tabulation on page 281 is shown that slags on the lowe: 
carbon heats contained more FeO and less MnQ than the slag on the 
higher carbon heats, this being a natural result of oxidation by the 
furnace gases. Similarly, and following the discussion of oxidation 
of the metal, the manganese and silicon content of the metal is lower 
on the lower carbon grade of steel. 

If the reaction FeO + C @ CO + Fe is allowed to proceed 
indefinitely, the carbon content of the steel will fall to a very 
low value. Simultaneously, as the amount of carbon in the steel 
decreases, the amount of iron oxide increases. Consequently, if steps 
were not taken to stop this reaction, it would be difficult to meet 
the imposed chemical specification for the finished product. If the FeO 
content of the steel was not reduced, the metal after solidification 
would contain large gas holes caused by the evolution of CO gas. 

For these reasons, after the carbon in the metal has_ been 
lowered to a point near the finishing specification, either the heat 
is “tied up” so that the excess SiO, in the slag is reduced, catising 
a pick-up of silicon in the metal, or deoxidizers are added to the 
bath to react with the FeO and prevent further reduction of the 
carbon by forming more stable oxides, which are practically in- 
soluble in steel and are only slightly reduced by carbon. 

The first mentioned method of finishing a heat, namely, “tying 
it up,” is one which is used without knowledge of what actually 
happens during this period. Yaneske® states that he believes the 
following reaction takes place between iron and the excess SiO, in 
the slag above that required to satisfy the basic oxides: 


SiO. + Fe = FeSi + O:. 











B. Yaneske, “Deoxidation and the Influence ot Lime on Equilibrium in the Acid Open 
Hearth Furnace,’ Joxrnal, Iron and Steel Institute, Vol. 99, No. 1, 1919, pp. 255 to 270 
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If this is true, this excess SiO, is reduced by the iron, and 


the oxygen liberated from the SiO, perforates the metal. In the 


furnace bath where the slag is only in contact with the surface of 
the molten metal, the oxygen liberated will pass off as nascent 
oxygen. In a discussion of a paper by DeMare,’ Ball agrees with 
Yaneske that the reduction of SiQ, 1s caused by the reaction with iron. 

DeMare disagrees with the theory put forth by Yaneske and 
Ball. He believes that with steadily increasing temperature the 
oxidation of Si is first checked, then held, and finally, due to the high 
temperature and the large excess of SiO, in the slag above that 
necessary to combine with the basic oxides, the affinity of C for O, 
has increased to the point where it will reduce the Si out of the SiQ, 
according to the reaction 2C + SiO, = Si + 2CO. This leaves the Si 
free in its nascent state to deoxidize the steel, as shown by the in 
creasing solidity and freedom from blowholes of the subsequent tests. 
J. E. Stead holds this view in discussing McWilliams and Hatfield.* 

From reviews of the present literature it is readily seen that 
there are two general theories as to what actually happens, but few 
experimental data are available. However, considering the reaction 
SiO, + 2Fe = Si + 2FeQO, it is a known fact that this reversible 
reaction actually takes place at steel-making temperatures. As the 
temperature increases, the per cent of SiQ, in the slag increases 
while the per cent of FeO decreases. This means that the silicon 
content of the metal must increase. Also, since the reaction 
2C + SiO, = Si + 2CO takes place at very high temperatures, 
it is quite probable that this reaction is beginning to take place at 
steel-making temperatures. Both reactions are possible and there 
is every reason to believe that both operate simultaneously, as high 
temperatures favor the reduction of silicon by each reaction. ‘The 
present investigation will include a detailed study of this phase of 
the process, and the results will be published later. 

To the present time, the part of the investigation dealing with 
deoxidation has been confined to the addition of deoxidizers and 
has not included a detailed study of the two reactions discussed. 

The first heats made were deoxidized in the furnace with 50 
per cent ferrosilicon and ferromanganese. The formation and partial 


"B. De Mare, “The Acid Open-Hearth Process,’’ Blast Furnace and Steel Plant, Vol. 
. June, 1920, pp. 318 to 324; 385. 


SA. McWilliams and W. H. Hatfield, “‘The Elimination of Silicon in the Acid-Open 
Hearth,’ Journal, Iron and Steel Institute, No. 1, 1902, pp. 54 to 69. 
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Fig. 3—Elimination of Silicates After Deoxidation with Ferrosilicon and Ferromanganes 
in 0.55 Per Cent Carbon Steel. 





elimination of the oxides formed are shown in Fig. 3. This curve 
shows that there was a considerable amount of nonmetallic matter 
left in the steel when the heat was ready to be tapped. The maximum 
amount present was probably not observed because too much time 
was allowed between the addition of the deoxidizer and the taking 
of the first sample. On other heats, as shown later, samples taken 
immediately after the addition had a higher nonmetallic content 
than shown in this curve. Oftentimes the maximum dirtiness of 
the steel has not been reached until just before tapping time. This 
allows very little time for any cleaning action to take place in the 
furnace; consequently, the finished steel contains an appreciable 
amount of nonmetallic inclusions. 

Later, 11 heats were made which were deoxidized in the fur 
nace with an alloy developed at the U. S. Bureau of Mines in con- 
nection with the program on the physical chemistry of steel-making. 
This alloy contained approximately 31 per cent manganese, 4.9 per 
cent silicon, and 2.4 per cent carbon. The amount of alloy to be 
added varies with the grade of steel to be made, but in general 
about 0.15 per cent silicon is added in the form of the alloy. Fig. 
4 shows the elimination of silicates on the two grades of steel 
deoxidized with this alloy which has a lower melting point than 
ferromanganese and ferrosilicon separately, and goes into solution 
much more readily, killing the heat almost instantly. The types of 
inclusions formed are much larger than those with ferromanganese 
and ferrosilicon and rise out of the bath with surprising rapidity, 
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0.06 —-— 


Metallic nickel, ‘Mo oxide and alloy added 


SILICATES, PER CENT 


0.55 carbon steel | | | 
CS 
0 10 20 30 
TIME FROM ADDITION OF DEOXIDIZERS, MINUTES 
Fig. 4—Elimination of Silicates After Deoxidation with Manganese 
Silicon Alloy. 

resulting in a very clean steel within a few minutes after the de- 
oxidation. From this time on to tap, the smaller particles which 
have not risen out of the bath have an opportunity to do so. The 


net result is that the tapping tests are very much cleaner when the 


steel is deoxidized with the manganese-silicon alloy than when de- 


oxidized with ferromanganese and ferrosilicon. The average silicate 
content in the tapping tests of the heats deoxidized with ferrosilicon 
and ferromanganese was 0.010 per cent. In the heats deoxidized 
with the alloy it was less than 0.001 per cent; these data are on 
steel of the 0.55 per cent carbon grade. 

As the investigation proceeded it was found advisable to add 
about 0.40 per cent of manganese, as ferromanganese, to the bath 
about 10 minutes before tapping. This seems to aid materially in 
cleaning the bath of residual oxides. 
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It should be noted here that the use of the alloy followed }, 


manganese results in a steel which is clean not only of deoxidatio, 
products, but of any oxides which come from the charge or 
the furnace bottom. 

The finishing slag has a considerable influence on the clea 
ness of the steel in the ladle. If the slag is extremely viscous jy 
the furnace, proper absorption of nonmetallic matter does not tak 


SILICATES, PER CENT 


place, with the result that when the heat is tapped the nonmetalli 
matter floating just under the slag surface is mixed with th 


re 





mainder of the metal, the net result being a dirtier steel in the lad] 


ide 












than was observed from furnace tests. However, if the slag is of 
proper consistency, a viscosity of 4.0 to 4.5 millimeters by the 
inclined-plane method, no such kick-back occurs because such a 
slag will readily absorb nonmetallic matter from the bath. ‘This 
is clearly brought out by grouping the change in nonmetallic content 
between the tapping tests and the ladle tests according to the 
viscosity of the finishing slag. Below is shown the change in non- 
metallic content according to this grouping. A_ positive number 
indicates an increase in silicate content from tapping test to ladle 
test, a negative number indicates a decrease: 


Change in 



















Slag viscosity, per cent 
mm. silicates | 
6.0 +-0.007 
5.0 +-0.001 
4.5 —0.012 
4.0 —0.002 
I —0.001 





It is of the utmost importance, therefore, in making high- 
quality steel, to avoid a very viscous slag during the finishing period 
of the heat. This is particularly true when using the manganese- 
silicon alloy, because the function of the alloy is to give large in- 
clusions which will rise out of the bath readily, and if the slag 
is too heavy these inclusions will be thrown back into the steel and 
will result in large particles in the finished product. 







Elimination of Silicates in the Ladle 





After the steel has been tapped into the ladle, if the tempera- 
ture permits, the ladle is held 20 minutes before the pour is started. 
While the steel is being held in the ladle, some of the inclusions 
which have not been eliminated prior to tapping have a chance to 
coalesce and rise up to the slag-metal surface. Fig. 5 brings this 
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Fig. 5—Elimination of Silicates During Pouring 



































out clearly.” (The inclusion content of the steel for this curve 
was determined by the Dickenson method.*) The silicate content 
of the steel shows a _ decrease immediately after tapping. 
While the first ingot was being poured, the level of the steel in 
the ladle dropped, and the inclusions were overtaken in their ascent. 
Similarly, during the second and third holding and pouring periods, 
the same drop and rise in nonmetallic matter was observed. ‘The 
reason for this marked rise during the last pouring period is that 
this sample represented the last metal poured and was very close 
to the slag surface. This curve shows the advantage of holding 
the ladle before starting to pour. 

This investigation goes only as far as the ingot. To date no 
work has been completed on solidification phenomena, segregation, 
or reactions which take place after the steel has been poured into 
the ingot. This work is under way at the present time, and when 
completed a second paper will be written dealing with these sub- 


jects, in addition to giving specific data on slag-metal reactions. 


SUMMARY AND CONCLUSIONS 





The following conclusions may be drawn from this investigation : 


1. There is present in the bath at the time the heat is ready 
to be ored a considerable amount of nonmetallic matter originating 
from the charge and from the oxidation of silicon. This non- 








‘Unpublished Bureau of Mines report by C. H. Herty, Jr., and J. M. Gaines, Jr 
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metallic matter is eliminated to a certain extent by the action oj 
the ore, but it has been found that the addition of spiegel with th 
ore facilitates the removal of these impurities. 

2. In the furnace under investigation, a pick-up of silica was 
noted during the working period and was attributed to. material 


coming off the bottom. After a high enough temperature is reached. 




















most of this nonmetallic matter is eliminated by the boiling action 
in the furnace. The use of the manganese-silicon alloy followed by 
a small manganese addition apparently eliminated inclusions from 
the above source, as well as the normal products of deoxidation. 

3. The iron oxide content of acid open-hearth steel increases 
gradually as the carbon is eliminated. Toward the end of the work- 
ing period the iron oxide content of the metal may hold constant or 
decrease, even though the carbon is dropping, due to changes in slag 
composition, slag viscosity, and temperature. 

4. Deoxidation with manganese-silicon alloys gives a much 
cleaner steel in the furnace than deoxidation with ferromanganese 
and ferrosilicon. The alloy works much more quickly and forms 
larger inclusions which are readily eliminated, provided the slag is 
not too thick. It has been found advisable to use some ferroman- 
ganese about 10 minutes before tapping to clean up any residual 
silica or other oxides which are present at this time. 

5. Holding the steel in the ladle as long as possible is of 
direct benefit in eliminating nonmetallic matter. Holding the ladle 
of course has other advantages, in that it is better to pour the steel 
“on the cold side” rather than exceedingly hot. 
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SOME PHYSICAL PROPERTIES OF HIGH SPEED STEEL 


By Josepn V. EMMONS 


Abstract 


A study ts made of a lugh speed steel of the familia 
18-4-1 type. Hardening and drawing temperatures are 
varied through wide ranges and the effect of the variations 
on some of the physical properties of the steel is examined, 

The mechanical properties of strength and plasticity 


are measured by a torsion method. A numerical value for 
toughness is calculated. The Rockwell hardness ts de 
termined and a study is made of the microstructure at a 
high magnification. Typical photomicrographs are shown 
illustrating some of the most interesting structures. Stress 
strain curves are plotted and a graphic analysis made of 
the response of the properties to heat treatment. The re- 
sults for the different properties are correlated and con 


clusions are drawn as to the causes of some of the 


increases 
1e work- 
stant or 
S in slag 


a much 
inganese 
d forms Sty’ 

variations observed. 
> slag is 
rroman- 
residual 


‘| ‘HE properties of high speed steel have in the past been enumer- 


ated in terms more descriptive than exact. Such names as “cut 


le is of ting quality” and “red hardness,” have been favorites but exact meth 


he ladle 
the steel 


ods of measurement of such vague properties have been difficult to 
work out. The need for more fundamental data on the effect of heat 
treatment on the mechanical properties and the lack of understanding 
of the relation of the properties to each other has been long felt. 

Soon after the development of the methods of measuring the 
physical properties of strength, plasticity and toughness by means 
of The 
analyses 


of the torsion test as previously described', it was determined to in- 
vestigate the effect of different variations of heat treatment on these 
by J. F. 


) properties of high speed steel. 
d States 


Consideration of the investigations previously made on measur- 
able properties of high speed steel revealed the following situation : 


J. V. Emmons, “Some Physical Properties of Hardened Tool Steel,’ Proceedings 
rican Society for Testing Materials, Vol. 31, 1931. 


\ paper presented before the Thirteenth Annual Convention of the society 

Boston, September 21 to 25, 1931. The author, Joseph V. Emmons, is a 
member of the society. He is metallurgist for the Cleveland Twist Drill Co., 
Cleveland. Manuscript received June 20, 1931. 
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Hardness has been the property most widely studied. The work o§ 
Grossmann and Bain* gives an excellent picture of the response of ¢| 


1€ 






Rockwell hardness to various hardening and drawing treatments. 
The property of strength has had less attention. Barry* * has 
investigated the flexural strength of small wires, while d’Arcamba] 
and Page® have made observations by the tensile method. The prop 
erty of plasticity has received no serious attention while the property 


of toughness has been investigated by means of impact methods }y 


Cee «CY 


Barry*, and by means of bending methods by Barry* and Heller’, 


It was planned in this research to determine the response of the 
mechanical properties of strength, plasticity, toughness and hardness. 


to a wide range of variations in heat treatment. The investigation 


was confined to a single typical analysis of high speed steel of the 


SY st Yet. 


most common type. The composition of this steel was as follows: 


a 





Per Cent Per Cent 










_ 
a 


_ ” ats | 


Carbon 0.69 Sulphur 0.021 
Manganese 0.17 Chromium 3.72 
Phosphorus 0.019 Tungsten 18.17 


Silicon 0.30 





Vanadium 1.00 









The raw material was in the form of a coil of wire rod. This coil 
was carefully inspected on both ends to insure that it was free from 


segregation or other defects. It was then cold drawn to the 3%; inch 


6 






















size required for the test specimens. The microstructure of the an- a 
nealed steel after drawing is shown in Fig. 1. Great care was exer- s¢ 
cised that all of the test specimens were machined in an identical h 
manner. ¥ 
The variations in heat treatment were confined to hardening and : 
drawing temperatures. All other possible variables such as soaking d 
times and quenching speeds were held constant. No preheating was ; 
a A. Grossmann and E. C. Bain, ‘‘High Speed Steel,’’ (1931), John Wiley and Sons, { 


R. K. Barry, “Hardness and Toughness of High Speed Steel as Affected by Heat 
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Fig. 1—High Speed Steel, Annealed Structure, Before Hardening, X 2000. 


used. The hardening was done in a salt bath. The soaking time 
after the specimens had arrived at the hardening temperature was 30 
seconds. The quench was in oil at about 100 degrees Fahr. The 
higher draws were performed in a lead bath, while the lower ones 
were in an oil bath. The drawing time was 30 minutes after the 
specimens arrived at the drawing temperature. The cooling from the 
draw was in still air. Every precaution was taken to keep the speci- 
mens straight during the heat treatment and no straightening was 
done before testing. In order to secure a good average of the results, 


three specimens were used for each heat treatment requiring 195 in all. 


Specimens were hardened at the following temperatures: 2200, 2250, 
2300, 2350, 2400 degrees Fahr. (1204, 1231, 1259, 1286, 1315 degrees 
Cent.). Three specimens from each hardening temperature were 
drawn as follows: No draw, 200, 300, 400, 500, 600, 700, 800, 900, 
1000, 1100, 1200, 1300 degrees Fahr. (93, 149, 204, 260, 315, 371, 
426, 482, 538, 593, 648, 704 degrees Cent.). 

The specimens were then broken in torsion, the angular deforma- 
tion being recorded at increments in torque of approximately 25 inch- 
pounds. It is not possible to show the detailed observations of all of 
the specimens in the limited space of this paper but a typical record 
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Table I 


Record Sheet of Torsion Test, Observations on the Three Specimens Hardened at 


235 
degrees Fahr. (1285 degrees Cent.) and Drawn at 1000 degrees Fahr. (540 degrees Cent.) 


Torque in Pounds Angular Deformation in Degrees of Circular Measure 
it 1 inch Radius Specimen No. 145 14¢ 147 Ave 
25 4 4 
) : & 


50 


100 


Degrees 
Ultimate Torque, Inches-Pcunds 


of the observations on the specimens hardened at 2350 degrees Fahr 
(1285 degrees Cent.) and drawn at 1000 degrees Fahr. (540 degrees 
Cent.), is shown in Table I. The observations of the ultimate torque 
are shown in Table II, while those of the ultimate deformation are 
shown in Table III, the three specimens at each heat treatment being 
averaged together. As it was desired to distinguish between the 
elastic and the plastic deformation, a graphic calculation to this end 
was made in the following manner: A typical stress-strain curve 
was plotted from the observations shown in Table I. This curve 
is shown in Fig. 2. The straight portion of the curve was then ex- 
tended as a broken line to the top of the chart and was taken as rep- 
resenting the elastic deformation. As the slope of the line of pro- 
portionality does not appear to be affected by the variations in heat 
treatment, it represents the elastic deformation of any of the speci 
mens at any load. The ultimate deformation minus the elastic de- 
formation at the ultimate load is the ultimate plastic deformation 
In Fig. 2, the distance AC is the total deformation, AB is the elastic 
deformation, and BC is the plastic deformation. The calculated 
plastic deformation results are recorded as shown in Table IV, the 
values given being the average of the three specimens at each heat 
treatment. 


In order to obtain a numerical value for toughness, it was as- 


sumed that a very tough steel would owe its toughness equally to the 
two properties, strength and ability to withstand deformation. For 
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Table Il 


med at 235 Observations of The Ultimate Torque in Inch-Pounds 


zyrees Cent.) 
Heat Treatment 
Hardening Drawing 
Ave lemperatures Temperatures 
Fahr. Deg. Cent. Deg. Fahr. Deg. Cent 
0 1205 No Draw 
200 
300 
4090 
500 
600 
700 
800 
900 
1000 
1100 
1200 660 
1300 705 
No Draw 
200 95 
300 150 
400 205 
500 260 
600 315 
700 370 
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Table 
Observations of The Ultimate Angular Deformation in Degrees of Circular Measur< 


Drawing 


Temperatures Temperatures 
Deg. Fahr. Deg. Cent. Deg. Fahr. Deg. Cent. 
2200 1205 No Draw 
200 95 
300 150 
400 P05 
500 260 
600 315 
700 370 
800 425 
900 480 
1000 540 
1100 595 
1200 650 
1300 765 
2250 1230 No Draw 
200 95 
300 150 
400 205 
500 260 
600 315 
700 370 
800 425 
900 480 
1009 540 
11006 595 
1200 650 
1300 705 
2300 1260 No Draw 
200 95 
300 150 
409 205 
500 260 
600 315 
700 370 
800 425 
900 480 
1060 540 
1100 595 
1200 650 
1300 705 
2350 1285 No Draw 
200 95 
300 150 
400 205 
500 260 
600 315 
700 370 
800 425 
900 480 
1000 540 
1100 595 
1200 650 
1300 705 
2400 1315 No Draw 
200 95 
360 150 
400 205 
500 260 
600 315 
700 370 
800 425 
900 480 
1000 540 
1100 595 
1200 650 
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Table IV 

Ultimate Torque and Ultimate 

the Calculated Plastic Deformation 
Treatment 

Drawing 
Temperatures 
Fahr. Deg. Cent. 
No Draw 35 
200 95 36 
300 150 
400 205 
500 260 
600 315 
700 370 
800 425 
900 398 
1000 409 
1100 375 
1200 313 
1300 210 
No 351 
200 5 
300 
400 
500 
600 
706 398 
800 402 
900 415 
1000 427 
1100 394 
1200 328 
1300 5 215 
No 
200 
300 
400 
500 
600 
700 
80) 
900 
1060 
1100 
1200 
1300 
No 
200 
300 
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700 
$00 
900 
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this particular specimen and method the ultimate torque in ij 
pounds is representative of the strength and the ultimate deformation 
in degrees of twist indicates the ability to withstand deformation. |; 
has been found that in steels of great toughness, these numerica| 
values are about equal. A product of these two values combines 
strength and deformation in about equal proportions and has been 


called a coefficient of toughness. It is regarded as a rough, but some- 
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Fig. Typical 
Plastic Deformation. 
Fig. 3—Stress-Strain Curves with no Draw. 


Stress-Strain Curve for Calculation of the 








times a useful indication of the toughness of hardened steels. In 
Table V are recorded the calculations of the coefficient of toughness 
for the various specimens. In each case the values for the three 
specimens at each heat treatment are averaged together. The values 
are only regarded as significant to the nearest thousand. 

for purpose of comparison the hardness was determined upon 
all specimens using the Rockwell method with the “C” Scale. The 
hardness tests were made after the completion of the torsion tests. 
The determinations were upon a flat of the short end of the torsion 
specimen. Five determinations were made upon each specimen, 
making fifteen results for each variation of heat treatment. These 
results are averaged and summarized in Table VI. 

Microscopic examination was made of specimens at all heat 
treatment in order to determine the effect on the structure of the 
several variations for purpose of comparison with the physical prop- 
erties. A magnification of 2000 diameters was found to be the most 
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table for the purpose of record and typical photomicrographs were 


ANALYSIS OF THE RESULTS 


Stress-Strain Curves:  Stress-strain curves were first plotted 


om the average results of the set of specimens representing each 


heat treatment. These are shown in Figs. 3 to 15. For the purpose 
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Fig. 4 Stress-Strain Curves at the 200 Degrees Fahr. (95 
Degrees Cent.) Draw. 

Fig. 5—Stress-Strain Curves at the 300 Degrees Fahr. (150 
Degrees Cent.) Draw. 
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Fig. 6—Stress-Strain Curves at the 400 Degrees Fahr. (205 
Degrees Cent.) Draw. 
Fig. 7—Stress-Strain Curves at the 500 Degrees Fahr. (260 
Degrees Cent.) Draw. 
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of ready comparison, the curves for the five hardening temperatures 












at each draw are plotted in one figure. Stress-strain curves are par- 
ticularly useful in a study of the properties of metals, because of 
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Fig. 8—Stress-Strain Curves at the 600 Degrees Fahr. (315 
Degrees Cent.) Draw. 

Fig. 9—Stress-Strain Curves at the 700 Degrees Fahr. (370 
Degrees Cent.) Draw. 
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Fig. 10—Stress-Strain Curves at the 800 Degrees Fahr. (425 
Degrees Cent.) Draw. 

Fig. 11—Stress-Strain Curves at the 900 Degrees Fahr. (480 
Degrees Cent.) Draw. 








general picture which they give of several mechanical properties. It 
is first observed that while both the hardening and the drawing tem- 
peratures have an effect upon the shape of the curves, that of the 
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Table V 
Calculated Coefficients of Toughness 


Drawing 


Temperatures 
Fahr. Deg. Cent. 


Temperatures 
Deg. Fahr. 


Deg. Cent. 


STEE! 


Ultimate 
Torque 


Ultimate 
Deformation 


Product 
Coefficient of 
Toughness 


Inch-Pounds Degrees 

200 1205 No Draw 353 72 25.000 
200 95 364 76 28.000 
300 150 380 87 33,000 
400 205 419 219 
500 260 396 208 
600 315 391 229 
700 370 391 256 100,000 
800 425 385 247 95,000 
900 480 398 322 128,000 
1000 540 409 235 
1100 595 375 
1200 650 313 
1300 705 210 


No Draw 351 
200 95 336 
300 150 361 
400 205 429 
500 260 406 
600 315 398 
700 370 398 
800 425 402 
900 480 415 
1000 540 $27 
1100 595 394 
1200 650 328 
1300 705 215 


No Draw 346 
200 95 362 
300 150 

400 205 443 
500 260 ) 
600 ) 
700 
800 
900 
1000 
1100 
1200 


92,000 
82,000 
90,000 


96,000 
77,000 
66,000 
69,000 


25,000 
22,000 
26,000 
94,000 
72,000 
75,000 
95,000 
100,000 
139,000 
104,000 
70,000 
76,000 
67,000 


26,000 
29,000 
32,000 
106,000 
114,000 
100,000 
120,000 
126,000 
113,000 
104,000 
79,000 
80,000 
1300 76,000 
No Draw 282 { 16,000 
200 : 8. 5< 15,000 
300 5 29 M 15,000 
400 5 - 58,000 
500 2 2 : 117,000 
600 80,000 
700 7 109,000 
800 : 125,000 
900 4. 302 132,000 
1000 99,000 
1100 52,000 
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1300 76,000 
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ving temperatures is more pronounced than hardening tempera 


The hardening temperatures at no draw produce an effect upon 


general plasticity in that the plastic deformation increases with 


by 
G 
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TORQUE (N INCH POUNDS 


50 700 1/50 200 250 300 50 /00 /$0 200 250 300 
ULTINATE OEFORIMATION IN DEGREES 


Fig. 12——Stress-Strain Curves at the 1000 Degrees Fah 
(540 Degrees Cent.) Draw. 

Fig. 13—Stress-Strain Curves at the 1100 Degrees Fah 
(595 Degrees Cent.) Draw. 
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400 / 3O . 100 4/350 
ULTIMATE DEFORMATION /(N DEGREES 
Fig. 14—Stress-Strain Curves at the 1200 Degrees Fahr. 
(650 Degrees Cent.) Draw. 


Fig. 15—Stress-Strain Curves at the 1300 Degrees Fah 
(705 Degrees Cent.) Draw. 


increasing hardening temperatures. See Fig. 3. This change 1s 
within narrow limits. In the same figure the strength decreases with 


increasing hardening temperatures. Drawing brings about a gradual 
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reversal of this order until at draws 1100 degrees Fahr. (595 degree 
Cent.) and higher, increasing hardening temperatures decrease th, 
lasticity and increase the strength. See Figs. 13, 14, 15. 
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There are three regions of drawing temperatures in which th 







stress-strain curves vary so definitely that profound changes i 
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Fig. 16—Rockwell Hardness Versus Drawing Temperatures, 
Hardened at 2200 Degrees Fahr. (1205 Degrees Cent.). 

Fig. 17—-Ultimate Torque Versus Drawing Temperatures, 
Hardened at 2200 Degrees Fahr. (1205 Degrees Cent.). 
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Fig. 18—Coefficient of Toughness Versus Drawing Temper- 


atures, Hardened at 2200 Degrees Fahr. (1205 Degrees Cent.). 


Fig. 19—Plastic Deformation Versus Drawing Temperatures, 
Hardened at 2200 Degrees Fahr. (1205 Degrees Cent.). 


character of the steel are indicated. The first and most pronounced of 
these variations is observed between draw 300 degrees Fahr., Fig. 5 
and draw 400 degrees Fahr., Fig. 6, where there is a sudden increas¢ 
in both the strength and the plasticity. The second variation is be- 
tween 900 degrees Fahr. (480 degrees Cent.) and 1000 degrees Fahr. 
(540 degrees Cent.), where the strength again increases while the 
plasticity decreases. The third variation is between 1100 degrees 





HIGH SPEED STEEL 303 


(595 degrees Cent.), and 1200 degrees Fahr. (650 degrees 
Crease Cent.), where the strength decreases and the plasticity begins to in- 
crease again. 
which th 
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The response of the Rockwell hardness to variations in heat 


treatment is shown by two sets of curves. The hardness is plotted 
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Fig. 20—Rockwell Hardness Versus Drawing Temperatures, 
Hardened at 2250 Degrees Fahr. (1230 Degrees Cent.). 

Fig. 21—Ultimate Torque Versus Drawing Temperatures, 
Hardened at 2250 Degrees Fahr. (1230 Degrees Cent.). 
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Fig. 22—Coefficient of Toughness Versus Drawing Temper 
. atures, Hardened at 2250 Degrees Fahr. (1230 Degrees Cent.). 
unced ot Fig. 23—Plastic Deformation Versus Drawing Temperatures, 

= e Hardened at 2250 Degrees Fahr. (1230 Degrees Cent.). 
., Fig. 5 
, Fig. ; 
| Increase against drawing temperatures in Figs. 16, 20, 24, 28, 32, while in Fig. 
on is be- 36 it is plotted against hardening temperatures. The general shape 
2es Fahr. of the curves of hardness versus drawing temperatures is familiar, 
vhile the having been shown previously by many investigators. The curves 
| degrees 


here presented are particularly interesting because of the complete 
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range of drawing temperatures covered and because of the changes 
produced by hardening at different temperatures. But little difference 
in the hardness is observed for the several hardening temperatures 
unless the specimens are drawn to 300 degrees Fahr. (150 degrees 
Cent.) or higher. From draws of 400 degrees Fahr. to 800 degrees 
Fahr. (200-425 degrees Cent.), the highest hardness is produced by 
the hardening temperature of 2300 degrees Fahr. (1260 degrees 
Cent.). From 1000 degrees Fahr. to 1300 degrees Fahr. (540-705 
degrees Cent.), the highest hardness is at the hardening temperature 
of 2400 degrees Fahr. (1315 degrees Cent.). The peak of secondary 
hardness occurs at 1000 degrees Fahr. (540 degrees Cent.), although 
it appears probable that closer spaced drawing temperatures would 
have shown the actual peak to be somewhat higher. The highest 






observed hardness was at the hardening temperature of 2350 degrees 
Kahr. (1285 degrees Cent.), with a draw of 200 degrees Fahr. (95 
degrees Cent.), where a value of C 65.8 was recorded. 










ULTIMATE TORSIONAL STRENGTH 





The term ultimate torque, as used in this experiment, is the total 
load in inch pounds, at the breaking point. The ultimate torsional 
strength in the outermost fibers is not used because means of cal- 
culating its value are open to question in the case of varying plas- 


ticity such as we have here. The highest observed torque in the ex- 











periment was in the specimens hardened at 2350 degrees Fahr. (1285 
degrees Cent.), and drawn at 1000 degrees Fahr. (540 degrees Cent. ). 
The ultimate torsional strength in the outermost fibers for these 
specimens was calculated to be 363,000 pounds per square inch. 


ULTIMATE TORQUE 


The ultimate torque is a function of the strength and the more 
familiar term strength is often used in the text, meaning the ultimate 
torque. Curves showing the ultimate torque plotted against drawing 
temperatures are shown in Figs. 17, 21, 25, 29, 33. In Fig. 37, the ulti- 


me 








mate torque is plotted against varying hardening temperatures. Both 
hardening and drawing variations have a definite effect upon the 
strength. The curves in Figs. 17, 21, 25, 29, 33, show a double peak, 
which is quite interesting. The first peak occurs at drawing tempera- 
tures about 400 degrees Fahr. (205 degrees Cent.), and is more 
important at the lower hardening temperatures, while at a hardening 
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mperature of 2400 degrees Fahr. (1315 degrees Cent.), it almost 


These two peaks of strength roughly mark the two 


shape for the different drawing temperatures. 
drawn, the highest strength 1s at 
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ranges of drawing temperatures most commonly used for high speed 
The curves in Fig. 37 show some remarkable variations in 
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Fig. 24—Rockwell Hardness Versus Drawing Temperatures, 
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Fig. 26—Coefficient of Toughness Versus Drawing Tempe 
atures. Hardened at 2300 Degrees Fahr. (1260 Degrees Cent. ). 

Fig. 27—-Plastic Deformation Versus Drawing Temperatures, 
Hardened at 2300 Degrees Fahr. (1260 Degrees Cent.). 


Cent.), and the lowest strength at 2400 degrees Fahr. (1315 degrees 


At the lower draws a peak of strength develops at 2300 


degrees Fahr. (1260 degrees Cent.), at intermediate draws, the peak 
2350 degrees Fahr. (1285 degrees Cent.), and at the higher 
draws it moves to 2400 degrees Fahr. (1315 degrees Cent.). 
curves at 1100 degrees Fahr. (595 degrees Cent.), and higher are the 


The 


It is obvious that these changing curves 
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are faithfully recording a complicated series of alterations in the 
constitution of the steel. 


PLASTIC DEFORMATION 





The results for the plasticity have been particularly interesting 


because our previous knowledge of this property has been so vague. 
In Figs. 19, 23, 27, 31, 35, curves are plotted between plastic deform- 
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Fig. 28—Rockwell Hardness Versus Drawing Temperatures, 


Hardened at 2350 Degrees Fahr. (1285 Degrees Cent.). 
Fig. 29—Ultimate Torque Versus Drawing Temperatures, 
Hardened at 2350 Degrees Fahr. (1285 Degrees Cent.). 





w% 
3 
= 
8 
120 300 
x a 
\ Mu 
2 700 % 250 
w \y 
> Q 
§ 40 > 200 
» S 
R 
60 2/0 
\ S 
» R 
> 40 ¥ 100 
\ 
8 S 
& 20 < J0 
$ \ 
§ * 
©3300 500 700 900 1/00 7300 "300 500 700 900 7/00 7300 









DRAWING TEMPERATURE /N OEGREELES FAHR 















Fig. 30—Coefficient of Toughness Versus Drawing Temper- 
atures, Hardened at 2350 Degrees Fahr. (1285 Degrees Cent.). 

Fig. 31—Plastic Deformation Versus Drawing Temperatures, 
Hardened at 2350 Degrees Fahr. (1285 Degrees Cent.). 





ation and drawing temperatures. 








These curves are complex and can 
be better visualized than described. In general, drawing temperatures 
below 400 degrees Fahr. (205 degrees Cent.) do not affect the plas- 
ticity. Higher drawing temperatures produce an increase in the 
plasticity which takes place in definite steps. At the hardening tem- 
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S in the perature of 2200 degrees Fahr. (1205 degrees Cent.), there are four 
steps, at 2300 degrees Fahr. (1260 degrees Cent.), there are three 

steps and at 2400 degrees Fahr. (1315 degrees Cent.), there are but 

j two. There is always a pronounced valley in the curve at the draw 

teresting of 1100 degrees Fahr. (595 degrees Cent.). The hardening temper- 
O vague, : atures considered in Fig. 39 do not have as great an effect upon the 
deform- 
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Fig. 32—Rockwell Hardness Versus Drawing Temperatures, 
Hardened at 2400 Degrees Fahr. (1315 Degrees Cent.). 

Fig. 33—Ultimate Torque Versus Drawing Temperatures, 
Hardened at 2400 Degrees Fahr. (1315 Degrees Cent.). 
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Fig. 34—Coefficient of Toughness Versus Drawing Tempera 
tures, Hardened at 2400 Degrees Fahr. (1315 Degrees Cent.). 

‘ig. 35—Plastic Deformation Versus Drawing Temperatures, 
Hardened at 2400 Degrees Fahr. (1315 Degrees Cent.). 


plasticity as the draws. 2400 degrees Fahr. (1315 degrees Cent.) 


ind can . always produces a low order of plasticity. There is generally a peak 
ratures , of plasticity at an intermediate hardening temperature such as 2300 
1e plas- degrees Fahr. (1260 degrees Cent.). The highest plasticity recorded 
in the was at 2300 degrees Fahr. (1260 degrees Cent.), with a draw of 


ig tem- 1300 degrees Fahr. (705 degrees Cent.). A noteworthy observation 
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Fig. 36—Rockwell Hardness Versus Hardening Temperatures. 





is the great peak of plasticity in the vicinity of the 900 degrees Fahr. 
(480 degrees Cent.) draw, which is not accompanied by any marked 


change in either hardness, strength or microstructure. 


COEFFICIENT OF TOUGHNESS 





The values obtained for the coefficient of toughness are regarded 
as being of practical utility rather than strictly scientific importance. 
Being an arbitrary combination of the properties of strength and 
plasticity, they indicate in a general way, the ability of the steel to 
withstand rough treatment and severe duty, without breakage. Curves 
showing the coefficients of toughness plotted against drawing tem 
peratures are shown in Figs. 18, 22, 26, 30, 34. The most prominent 








feature of these curves is the outstanding peak in the general vicinity 
of the 900 degrees Fahr. (480 degrees Cent.), draw and the equally 
prominent valley which follows at the 1100 degrees Fahr. (595 de- 
grees Cent.) draw. Drawing temperatures below 400 degrees Fahr. 
(205 degrees Cent.), have a low order of toughness. The hardening 
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Ultimate Torque Versus Hardening Temperatures 


temperatures shown in Fig. 38 have in all cases a peak of toughness 
at an intermediate temperature. Hardening at 2400 degrees Fahr. 
(1315 degrees Cent.) produces low toughness in every case. The 
highest peak of toughness is produced on the specimen hardened at 
2250 degrees Fahr. (1230 degrees Cent.), and drawn at 900 degrees 
ahr. (480 degrees Cent.). 


MICROSTRUCTURE 


The effect of varying hardening temperatures is shown in Figs. 
10 to 44. It will be observed that increasing hardening temperatures 
produce the following effects: 

First, increase in the grain size of the austenite; second, in- 
crease in the distinctness of the grain boundaries; third, decreased 
number of carbide masses; fourth, increase in the average size of the 
individual carbide masses. The effect of increasing drawing temper- 
atures is shown in Figs. 45, 43, 46, 47, 48, in the order given. It is 
observed that the effect of the draw is primarily upon the structure 
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Fig. 38—Coefficient of Toughness Versus Hardening Temperatures. 



















of the matrix or the body of the austentic grains and its decomposition 
products. 

Fig. 45 shows the matrix to be very resistant to etching attack, 
having only a faint trace of structure. The matrix in this specimen 
is believed to be composed of an intimate mixture of austenite and 
martensite in a fine state of division. 

Kig. 43 shows more definite structural markings in the matrix 
The portions of the matrix attacked by the etching, outline other re- 
sistant portions. It is believed that the easily attacked portions are 
areas of carbon-poor martensite which are changing to troostite. The 
portions resistant to attack are believed to be either austenite or car- 
bon-rich martensite. 

Fig. 46 shows stronger markings in the matrix than Fig. 43, 
otherwise they are much the same. It is believed that the carbon- 
poor primary martensite has now been largely converted to troostite. 
The austenite has probably not yet begun to decompose to secondary 
martensite. 


Fig. 47 shows a marked change in the matrix. It has become 
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Fig. 39—Plastic Deformation Versus Hardening Temperatures. 


much more easily etched. This change is believed to have been due 
to the breaking down of the austenite to secondary martensite and 
to the conversion of an increased part of the primary martensite to 
troostite. Many white areas probably of carbon-rich martensite re- 
main. The outlines of the original austenite grains have become in- 
distinct. 

Fig. 48 shows a complete disappearance of the austenite grain 
boundaries. A large part of the matrix is now readily etched and 
probably consists of troostite, in some of which the carbides are arriv- 
ing at the sorbitic particle size. The white portions of the matrix are 
believed to be carbon-rich martensite which is showing great resis 


tance to decomposition. 
CORRELATION OF THE PHYSICAL PROPERTIES 


When comparison is made between the curves for the Rockwell 
hardness, the ultimate torque and the plastic deformation, it is obvious 
that there is no simple relation between them. Each curve has its own 


individually and appears to be recording a different effect of the 
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Fig. 40—High Speed Steel Hardened at 2200 Degrees Fahr. (1205 Degrees 
Drawn at 400 Degrees Fahr. (205 Degrees Cent.), « 2000. 

Fig. 41—High Speed Steel Hardened at 2250 Degrees Fahr. (1230 Degrees 
Drawn at 400 Degrees Fahr. (205 Degrees Cent.), x 2000. 

Fig. 42—High Speed Steel Hardened at 2300 Degrees Fahr. (1260 Degrees 
Drawn at 400 Degrees Fahr. (205 Degrees Cent.). « 2000. 

Fig. 43—-High Speed Steel Hardened at 2350 Degrees Fahr. (1285 Degrees 
Drawn at 400 Degrees Fahr. (205 Degrees Cent.), « 2000. 
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hanges in physical constitution upon the properties of the steel. 
imited relations may be noted as follows: Hardness appears to be 
inversely proportional to strength from no draw up to the vicinity of 
the 600 degrees Fahr. (315 degrees Cent.) draw. Thereafter up to 
the 1300 degrees Fahr. (705 degrees Cent.) draw, it becomes pro- 
portional. Hardness and plasticity show inverse proportionality at 
the hardening temperature of 2400 degrees Fahr. (1315 degrees 
Cent.). At lower hardening temperatures this relationship becomes 


more doubtful. 
MiIcROSTRUCTURE AND THE PHYSICAL PROPERTIES 


If the dominant structural combinations are compared with their 
physical properties, interesting relationships are found. The struc- 
tural forms, austenite, troostite and sorbite, are so well known that no 
further description is necessary. Martensite however exhibits several 
different variations which may be understood from the following out- 
line of the formations observed in normally heat treated high speed 
steel such as is now being considered. As quenched the structure of 
the matrix is believed to consist largely of martensite with a consider- 
able proportion of retained austenite. This martensite which is 
formed upon quenching is termed primary martensite. The primary 
martensite appears to consist of two varieties, one of which is con- 
verted to troostite at low drawing temperatures, while the other is 
very resistant to drawing. This varying susceptibility to drawing is 
believed to be due to the amount of carbon which the martensite 
contains. High carbon content renders the martensite more resistant 
to drawing, while low carbon content renders it more easily con- 
verted to troostite. When a high draw converts the retained austenite 
to martensite, this is called secondary martensite to distinguish it from 
the primary varieties. It is recognized that the structural changes 
involved in the decomposition of austenite into its various products, 
require a considerable amount of time. It is obvious that there are at 
times several constituents simultaneously undergoing change so that 
the structure may at any time represent different mixtures in in- 
definite proportions. For the purpose of comparison the structures 





have been roughly divided into four typical combinations which are 
; Cent.), named for their dominant constituents. An analysis of their physical 
, ian y. properties is as follows: 


Austenite and Primary Martensite, (Illustrated by Fig. 45). 
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Fig. 47—High Speed Steel Hardened at 2350 Degrees Fahr. (1285 Degrees Cent.) 
Drawn at 1000 Degrees Fahr. (540 Degrees Cent.), 2000. 
Fig. 48—High Speed Steel Hardened at 2350 Degrees Fahr. (1285 Degrees Cent.), 
Drawn at 1300 Degrees Fahr. (705 Degrees Cent.), 2000. 
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exists from no draw to a draw of about 300 





This combination 


cit 
ahr. (150 degrees Cent.). Its properties are briefly as follows: 
Hardness, high, ranging from Rockwell C64 to C66. 
Strength, moderate, showing an ultimate torque from 250 to 375 ; 
pounds. The strength decreases with increased amounts: of 
austenite. 


ret 


Plasticity, very low, being below 50 degrees of twist. 
Toughness, low, being particularly low at high hardening te: 
atures. 
Austenite, Primary Martensite and Troostite, (Illustrated by Fig. 42). 
This combination exists after drawing temperatures from about 400 degrees 
fahr. (205 degrees Cent), to 800 degrees Fahr. (425 degrees Cent.) lt 
properties are summarized as follows: 
Hardness, moderate, ranging from Rockwell C60 to C63. 
Strength, high, showing an ultimate torque from 375 to 440 inel 
pounds. 
Plasticity, very high, ranging from 100 to 250 degrees of twist 
Toughness, very high, especially at the higher drawing temperatures 
of the range. 


Secondary and Primary Martensite and Troostite (Illustrated by Fig. 47 
This combination exists after draws between 900 degrees Fahr. (482 degrees 


Cent.) and 1100 degrees Fahr. (595 degrees Cent.). Its properties are as 


follows: 
Hardness, high, ranging from Rockwell C62 to C66. 
Strength, very high, showing an ultimate torque from 400 to 475 
inch-pounds. The strength developed in this structure is the highest 


observed in the experiment. 
Plasticity, high at the lower draws of the range, but falling off sharp 
ly at the higher draws. 
Toughness, very high in the vicinity of draw 900 degrees Fahr. (482 
degrees Cent.), then falling off to moderate values with higher draws. 
Secondary Martensite, Troostite and Sorbite (Illustrated by Fig. 48). 
This combination exists after draws of 1200 degrees Fahr (650 degrees 
Cent.) and higher. 
Hardness, low, being below Rockwell C60. 
Strength, low, and falling with increasing draws. 
Plasticity, moderate, and increasing with higher drawing temper 
atures. 


Toughness, moderate, without definite trend. 
DISCUSSION 


The question as to the exact nature of martensite or the mech- 
anism of its formation from austenite will not be here considered 
Some of the observations made are believed to throw additional light 
upon the existing theories. 
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Martensite resists etching and appears white in the photomicro- 
craphs here shown. ‘The martensite does not assume an acicular or 
needle shape, but is more vermiform in appearance. It is believed 
that this vermiform martensite is formed in high speed steel when 
there is not sufficient time or freedom of atomic movement at the 
hardening temperature to permit the development of the familiar 
needles. The dark easily etched areas which outline the martensite 
“worms” are believed to be troostite which has been precipitated from 
carbon-poor primary martensite. The effect of the carbon content 
of the martensite upon its stability, is believed to be important. The 
distribution of the carbon in the martensite is affected by many causes 
such as the original distribution of carbide masses in the annealed 
structure and the time allowed for diffusion at the hardening tempera 
ture. It appears likely that many of the physical properties may be 
affected materially by the degree to which the martensite is saturated 
with the carbon and by the uniformity of its distribution. Marten 
site is the strong as well as the hard constituent of high speed steel. 
The greatest strength occurs when the secondary martensite 1s first 
formed and while the bulk of the primary martensite yet remains. 
Martensite has in itself a low order of plasticity, while its combina- 
tion with austenite may show still less. This confirms observations 
made by De Long and Palmer’ and by the writer’ in connection with 
another type of steel, that some mixtures of austenite and martensite 
are particularly brittle. 

Troostite appears to be the plasticizer which contributes to high 
speed steel this essential component of toughness. The formation of 
even slight amounts of troostite in the vermiform martensite, greatly 
increases the plasticity. The maximum plasticity occurs at the inter- 
mediate drawing temperatures when the troostite component is high 
while the secondary martensite has not yet begun to form. A princt- 
pal cause of the low plasticity shown by the specimens hardened at 
2400 degrees Fahr. (1315 degrees Cent.) would be the low troostite 


content due to the increased saturation of the martensite with carbon. 


SUMMARY OF CONCLUSIONS 


The response of the several physical properties to the variations 
of heat treatment has been so definite that confidence is felt that the 
picture presented of the behavior of the steel is a true one. 


°B. H. DeLong and F. R. Palmer, “What Happens when High Speed Steel 1s 
Quenched,”’ Transactions, American Society for Steel Treating, Vol. 13, 1928, p. 420. 
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A measurable amount of plasticity is demonstrated in hardened 
high speed steels at all heat treatments. The variations in the plas- 
ticity appear to be governed largely by the troostite content of the 
structure. 

The strength of hardened high speed steel appears to be largely 
dependent upon the quantity and nature of the martensite present. 
The addition of a small quantity of troostite appears to aid the 
strength by supplying sufficient plasticity to permit a better distribu 
tion of the stresses. 

Variations in the amount of carbon taken into solution produce 
three general types of martensite, first a primary type with low car- 
bon content which is converted to troostite at low drawing temper 
atures, second a primary type with high carbon content which 
decomposes to troostite only at high drawing temperatures and third 
a secondary martensite resulting from the decomposition of austenite 
at high drawing temperatures. 

A structure of martensite which appears to be distinct from the 
familiar needles, has been termed ‘“‘vermiform martensite.” 

The indefinite property of toughness has been analyzed into its 
components of strength and plasticity and evaluated numerically. 
The result is regarded as useful in a practical way. 

The hardness appears to be governed by the amount of marten 
site present. Austenite and troostite when present, act to lower the 
hardness. 

These results upon a normal composition of high speed steel 
with a normal range of heat treatments are regarded as a basis of 
comparison for more extended investigation of the effect of other 
variations in heat treatment or in chemical composition. 
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DISCUSSION 
Written Discussion: By John A. Mathews, vice-president, Crucible 
Steel Company of America, New York City. 


This paper, together with the one Mr. Emmons recently submitted to the 
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\merican Society for Testing Materials, are very interesting contributions to 
ir knowledge of tool steels. Mr. Emmons has employed to very good effect 
the torsional method for obtaining information concerning the response of 
various materials to quenching and tempering. His figures show that the 
method may be considered dependable and that results can be reproduced. In 
the case of high speed steel, it would appear that the art of heat treatment has 
preceded the science, since the quenching temperatures of from 2300 to 2350 
degrees Fahr. with a 1000 to 1100 degrees Kahr. draw are quite the usual prac 
tice. Under these particular conditions of treatment it will be noticed, as com 
pared with as-hardened condition, we gain very materially by tempering in 
oefficient of toughness, torque and deformation. The hardness is approximately 
the same. It is evident that we do not customarily use high speed steel in the 
condition showing maximum coefficient of toughness but at approximately the 
maximum torque value. The intermediate drawing temperatures, such as 500 to 
900 degrees Fahr., give a higher coefficient of toughness than practical experience 
indicates is necessary for the successful use of high speed steel; also the condi 
tion represented by the 1000 to 1100 degrees Fahr. draw indicates a much lower 
plastic deformation than is obtained in steel drawn at the intermediate points 
or hardened at lower temperatures. Nevertheless, the intermediate draws and 
lower hardening temperatures are seldom used. 

There are still many tools used, particularly lathe tools, in which the temper 
is not drawn at all. The initial hardness of such tools is about the same as it is 
after the 1000 to 1100 degrees Fahr. draw but their coefficient of toughness, plas- 
tic deformation and torque are all much lower. When such tools give good 
service is it possible that the tempering within this range takes place spon- 
taneously as a result of frictional heat, provided the edge does not crumble in 
the meantime? If Mr. Emmons wishes to put us under still greater obligation 
to him, I would suggest that he determine the torsional properties at elevated 
temperatures, particularly, from 900 to 1100 degrees Fahr. This might give us 
a great deal of useful information about the actual properties of the metal at the 
cutting edges when working under severe conditions. 

Written Discussion: By Albert Sauveur, Gordon McKay professor of 
metallurgy and metallography, Harvard University, Cambridge, Mass. 

Mr. Emmons’ paper brings out the usefulness of the torsion test in deter 
mining the physical properties of steel. In this I unhesitatingly concur. We 
have used it for several years at the Harvard Engineering School with excellent 
results. There is much to be said in its favor when compared with the tensile 
test so universally employed. What the author designates as “coefficient of 
toughness,” namely, the product of the ultimate torque by the ultimate defor- 
mation, that is, the stress by the strain, has been called by others, I believe, the 
“work of rupture,” as it represents, roughly at least, the work required to pro 
duce rupture. I agree with Mr. Emmons that this may be considered an indica- 
tion of the toughness of the steel. 

Referring to the author’s belief that the matrix of the steel quenched at 
2350 degrees Fahr. (1285 degrees Cent.) and not drawn is an “intimate mix- 
ture of austenite and martensite in a very fine state of division,” one would like 
to have some evidence in support of it. When it is considered that the excellent 














320 TRANSACTIONS OF THE Feb: 








photomicrograph (Fig. 45) illustrating this structure is magnified 2000 dia 
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ters and does not show any indication of the matrix being an aggregate ¢| 
demand appears justified. 














It is evident that the drawing operation produces changes in the matrj 





while leaving the carbides undisturbed. One may, of course, speculate as to th 








nature of these changes. I am inclined to consider them as resulting from 








decomposition of the austenite matrix which at the drawing temperature be- 





comes unstable, at least when the steel is maintained at that temperature 











some thirty minutes. The decomposition of austenite necessarily results in th 








formation of a new phase which may properly be called the “alpha phase.” Ac- 


cording to individual preference, it may also be called martensite or troostit. 








| also believe that this alpha phase has little solubility for carbon, carbides 





being precipitated in a fine state of division, and this adds to the cutting proper- 





ties of the steel. It is generally described as secondary hardness. 








The drawing of high speed steel does not differ in its essence from the 
tempering of hardened carbon steel. Both deal chiefly with the decomposition 
of retained austenite. In high speed steel, after the high temperature quench, 
we retain at room temperature substantially 100 per cent austenite. This austen- 























ite is relatively stable and requires for its decomposition high tempering (draw- 





ing) temperature. The retained austenite of quenched carbon steel, on the con- 





trary, is more unstable and decomposes at considerably lower temperatures. In 





hardened steel, moreover, another constituent is present called martensite by 








many, which is likewise unstable and also undergoes decomposition. 





Mr. Emmons deals at some length with the occurrence and behavior of 








martensite in high speed steel. I wish he had expressed an opinion as to the 








nature of this much discussed constituent. That it contains alpha iron is gen 








erally conceded, that some carbon is retained in solid solution in the alpha iron 


and that some carbide particles are also present seems highly probable. In what 








respect then does martensite differ from troostite? As martensitic needles result 





from the alpha phase forming along some crystallographic planes of the austenite, 
it is not easily understood why lack of time should produce martensite “vermi- 
form” in appearance. 














In view of the many varieties of martensite already reported, I cannot help 
regretting that the author has added to the list, namely, primary martensite 





subdivided into readily decomposable primary martensite and difficultly decom- 





posable primary martensite, secondary martensite and vermiform martensite. 
There is no doubt but that the results reported by Mr. Emmons should 
prove of much value to treaters and users of high speed. They will be appreci- 
ated and he should be warmly congratulated. 
Written Discussion: By H. M. Boylston, professor of mining and 
metallurgy, Case School of Applied Science, Cleveland. 


Whenever Mr. Emmons “takes his pen in hand” we know that we may 



































expect something good, and the present paper is no exception to the rule. It 


seems to me that this collection of experimental data and the conclusions drawn 





from them should be of great value to the many users of high speed steel and 





can be accepted with a feeling of security as to accuracy and thoroughness. The 





author and his assistants are also to be congratulated upon the excellence of 
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photomicrographs. In spite of the improvements made in photomicro- 
‘ic apparatus in the last five years or so and the fine work of Lucas, Guthrie, 
Perey Hodge, Wobbe, Dennison and others, it is no simple matter to turn out 
tomicrographic work of the clearness and crispness of those in the present 
yer, which I note were all made at a magnification of 2000 diameters. 
Written Discussion: | 
Waterbury, Conn. 
Many methods of testing metals have been devised in an effort to directly 


) 
) 


y H. G. Keshian, metallurgist, Chase Companies, 


measure certain characteristics, such as hardness, toughness, ductility, resistance 
to wear, impact, etc. These efforts, however, have not always been successful, 
yarticularly in those instances where the characteristics which we have endeav 

ored to measure have not been easily amenable to direct measurement or where 
they could not be isolated from other properties for direct observation and study. 
In these cases we have tried to evaluate these properties in terms of other seem- 
ingly related and more easily measurable properties; but here again the results 
when applied to practical ends have not always been reliable. For instance, in 
the heat treatment operations we have generally assumed that hardness and 
toughness are inversely proportional, simply because of a lack of a dependable 
method of testing toughness; but Mr. Emmons has shown in his previous work 
on hardened tool steel that toughness and hardness bear no simple relation to 
each other. 

In the testing of metals for their physical properties, the true progress, 
therefore, appears to lie in the discovery of methods which more directly meas- 
ure the properties which we want to measure, and Mr. Emmons’ method of 
testing the toughness of hardened high speed steel as described in this paper 
certainly belongs to this class of work and to my mind is a distinct addition to 
our present scanty knowledge on the subject, and it is hoped that the direction 
in which he is carrying his investigation will become more and more general. 
\s it has been my privilege to state on another occasion to this Society, there 
are few things in connection with the testing of tool steels that are so much 
valued by the consumer as to know in measurable form the properties of tool 
steel which he must apply to his various requirements. 

Among many other important data brought out by Mr. Emmons there is 
one upon which I wish to add my suggestion. This pertains to the proper dis- 
tribution of carbides in annealed high speed steel and their effect on its mechani- 
cal properties after hardening. In view of the large amount of work done in the 
metallographic study of high speed steel which has clearly shown the necessity 
of proper control of carbide distribution we still have to closely watch this con- 
dition in high speed steel which is worthy of the thought of those who have a 
good deal to do with final structural condition of the metal before it leaves the 
steel mill. 

Written Discussion: By S. C. Spalding, metallurgist, American Brass 
Co., Waterbury, Conn. 

[ have read Mr. Emmons’ paper with a great deal of interest, as it adds 
new experimental data to the mysterious and interesting properties of hardened 


7. V. Emmons, “Some Physical Properties of Hardened Tool Steel,’’ Proceedings of 
American Society for Testing Materials, Vol. 31, 1931, p. 47. 
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high speed steel. I believe it is quite commonly considered that the best 
ment to develop maximum red hardness and cutting qualities is to que: 


2350 degrees Fahr. and draw at 1050 to 1100 degrees Fahr. 


reat- 


l at 


Mr. Emmons’ torsion tests show that at this point we are at the point oj 
maximum strength in torsion. The figure called plastic deformation is not a 
maximum at this point—in fact, it is higher at draws of 400, 700, 800 and 909 
degrees Fahr., which results in the coefficient of toughness which is the product 
of strength and plasticity being greater also at these temperatures. I feel that 
there is a considerable risk involved in naming a product such as this coefficient 
of toughness. Toughness is a somewhat indefinable term, but I believe an aver 
age conception of it is ability to deform without or before breaking. If we 
accept that as the case, then would not the steel drawn at 1200 and 1300 degrees 
Fahr. be tougher than that at 900 degrees Fahr.? I also feel that in many tools 
of appreciable size and variable shapes that with the customary 2350-1050 de- 
grees Fahr. treatment, the tools would be less liable to breakage in use than 
with a 400, 700, 800 or 900 degrees Fahr. draw. This may be due partly to bet- 
ter relief from internal strains trom quenching with this treatment, which 
strains might not exist in a small diameter symmetrical piece such as used in 
these tests. I believe many of us have been called upon to diagnose tool fail- 
ures by breaking, cracking, etc., and if the structure on examination was like 
that in photomicrographs 43, 45 or 46, we would say that the tool had been 
insufficiently drawn, hence was brittle, or lacked toughness and consequent) 
broke or cracked. Whether this effect was due to the underdrawn structure or 
to insufficient relief from internal strains or what, I do not know, but I do 
thoroughly believe it exists. I also believe and have seen demonstrated many 
times, that if another tool were made up from the same steel and quenched at 
2350 degrees Fahr. and drawn at 1050 to 1100 degrees Fahr. it would perform 
without breaking. I do not wish to throw any doubt on the tests or values 
reported in this paper as I believe they were carefully performed and accurately 
recorded. I also believe that they throw valuable light on some of the structural 
happenings of high speed steel. I would wish to caution against their use as a 
criterion for the hardening of general high speed tools as I| believe that the 
standard treatment of 2350-1050-1100 degrees Fahr. is stiil the best and that 
better efficiency and greater freedom from breakage of tools will result from 
this treatment than from one comprising draws of 400, 700, 800 or 900 degrees 
Kahr. which might be taken from the paper as more desirable. 

Written Discussion: By A. H. d’Arcambal, consulting metallurgist, 
Pratt and Whitney Co., Hartford, Conn. 

All manufacturers and large users of high speed steel should carefully read 
Mr. Emmons’ excellent paper on this subject. In the writer’s opinion this paper 
on high speed steel is one of the finest, if not the best, paper ever presented 
before our society on this important subject. 

We have long desired information as to the effect of various heat treat- 
ments on the toughness of high speed steel. The results obtained from Mr. 
Emmons’ carefully conducted torsional tests are very enlightening, the data 
being presented in splendid form. 


The author finds that hardened high speed steel of the 18-4-1 type possesses 
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Fig. 1—High Speed Steel Hardened at 2350 Degrees Fahr. (1285 eS = 
Salt Bath being Soaked for 30 Seconds. Quenched in Oil. Drawn for 30 Minutes at : 
Jegrees Fahr. < 2000. ; 3 cae ‘ ; 
. Fig D High Speed Steel Hardened at 2350 Degrees Fahr. (1285 Degrees Cent.) in an 


Electric Muffle being Soaked for 15 Seconds. Quenched in Oil. Drawn for 30 Minutes 
it 500 Degrees Fahr. x 2000. 


the highest degree of toughness when drawn in the neighborhood of 900 de- 
grees Fahr., thus closely checking the results obtained by previous investigators. 
While the so-called toughness factor is an important one in relation to the per- 
formance of the high speed steel tool, other equally important factors must be 
considered. Should we consider the toughness factor alone, one of the first 


i [ ing > re ; in Table V would be— 
questions that might be raised after noting the results in Table V w 
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“Why not harden high speed steel tools by quenching from 2200 to 2250 de 
grees Fahr. and drawing to 900 degrees Fahr., instead of employing a highe; 
temperature of say 2350 degrees Fahr., followed by a 900 degrees Fahr. draw? 
This treatment results in almost as high a coefficient of toughness as obtained 
when quenching from the higher temperatures and there is less liability of Jos- 
ing the tools due to excessive scaling, etc.” The answer to this question is that 
tools should be quenched from the highest possible temperature short of coarsen- 
ing of the grain due to the greater amount of the excess iron-tungsten carbide 
dissolved in the austenitic matrix at the higher temperature. One then might 
question the general practice of drawing high speed steel tools such as drills. 
reamers, cutters, hobs, taps, etc., to 1050 to 1150 degrees Fahr. after quenc} 
ing from 2350 degrees Fahr. when much greater toughness is obtained by draw 
ing to only 900 degrees Fahr. We believe the reason for high speed steel metal 
cutting tools giving superior performance when drawn at the higher temperature 
at the expense of toughness is due principally to the greater number of extremely 
minute iron-tungsten carbide particles (submicroscopic) precipitated out at this 
higher drawing heat. It might also be stated at this time that the demand today 
is for high speed steel tools possessing a high degree of hardness (Rockwell 
C 63-65) as well as being file hard due to the harder and tougher material being 
fabricated than was the case a few years ago. The 900 degrees Fahr. draw 
after the proper quench results in a lower Rockwell reading than is obtained 
from the higher drawing treatment, specimens after the 900 degrees Fahr. draw, 
moreover, being easily filed, as compared with file hardness obtained after the 
1050 degrees Fahr. draw. 

Mr. Emmons proves conclusively that the Rockwell hardness on a high 
speed tool does not indicate the toughness of the same. Just add another column 
to Table V, this coiumn showing the Rockwell hardness, then note the varied 
toughness readings for the same Rockwell hardness. 

The author has also clearly shown that the Rockwell hardness obtained on 
all of the specimens as quenched is practically the same whether the specimen 
is quenched from 2200 or 2400 degrees Fahr. This confirms the results obtained 
from time to time by the writer but is in disagreement with recent trade jour- 
nal articles by other investigators. 

Mr. Emmons states that a mixture of martensite and austenite has less 
plasitcity than martensite itself. Should we not therefore expect a higher order 
of plasticity after the 1000 degree Fahr. draw than was obtained from the 900 
degrees Fahr. draw, considering that practically all of the austenite is converted 
to martensite at the 1000 degrees Fahr. temperature? 

We also believe that primary martensite exists to some extent after a draw 
as high as 1250 degrees Fahr. should the quenching temperature be 2350 degrees 
Fahr. or higher, due to the Rockwell hardness obtained. There can be only a 
small amount of secondary martensite present considering that high speed steel 
as quenched has so little austenite. 

The author used the salt bath for hardening his specimens. Considering 
that the so-called open fire method is commonly employed for hardening high 
speed steel tools, we suggested to Mr. Emmons that he prepare twelve more 
specimens from the same coil of wire if possible, these specimens to be hard- 
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d in one of our electric globar high speed steel furnaces. As the original 

{ wire was used up, Mr. Emmons prepared 24 additional specimens from 

1 of almost identical analysis, sending 12 to Hartford for treatment. These 
{2 specimens were quenched from 2350 degrees Fahr., being allowed to remain 
‘1 the furnace 15 seconds after the small diameter of the specimen came to heat. 
Four of these specimens were then drawn to 500 degrees Fahr. in oil for 30 
minutes at temperature, four more specimens were drawn in lead at 900 degrees 
ahr. for 30 minutes at heat, the remaining specimens being drawn at 1100 
degrees Fahr. for 30 minutes in lead. The remaining 12 specimens were hard 
ened by Mr. Emmons in the same manner with the exception of using the salt 
hath instead of the box type furnace, as well as soaking the specimens for 30 
seconds as compared with our 15 second soak. 

The results obtained from the specimens hardened in the electric muffle 
furnace compared quite favorably with the salt bath treated specimens. The 
principal difference cbserved was that the specimens hardened in the electric 
furnace were slightly lower in Rockwell hardness and possessed greater plas- 
ticity than the samples hardened in the salt bath. Considering that the electric 
muffle furnace specimens were allowed to soak at the hardening temperature 
only 15 seconds as compared with the 30-second soak given the salt bath treated 
specimens, explains this slight difference. It was gratifying to note that both 
methods of hardening gave practically the same results. The photomicrographs 
of the specimens given the 500 degrees Fahr. draw are shown in Figs. 1 and 2 
of this discussion. The specimen treated in the salt bath furnace had a slightly 
larger austenitic grain size than the electric furnace treated specimen as would 
be expected from the soaking time. 

Undoubtedly this splendid paper will result in similar tests being con- 
ducted by other investigators studying high speed steel. We sincerely trust 
that the author will continue this work on the physical properties of high speed 
steel, noting the effect of varying percentages of carbon on the physical proper- 
ties of high speed steel as well as studying the effect of different times at the 
hardening and drawing temperatures, etc. 

Written Discussion: By O. W. Ellis, director of metallurgical research, 
Ontario Research Foundation, Toronto, Canada. 

Through the courtesy of Mr. Emmons, the writer was given opportunity 
to test the entire series of samples investigated by him, using the Vickers 
hardness testing machine which employs as the indenting tool a diamond pyra- 
mid having an included angle of 136 degrees. The use of an indenting tool of 
this design is justified by the fact that the hardness numbers obtained coincide 
closely with the standard Brinell hardness numbers which would be obtained on 
the same material if balls having no tendency to distort under load could be 
employed in making the Brinell impressions. 

The figures shown in Column 8 of the following table, which is headed 
“General Average,” are the averages of six determinations made on each of three 
specimens, all of which had been treated by Mr. Emmons under as _ nearly 
identical conditions as possible. 


The values in Column 8 are the Vickers numbers corresponding to the 


Xockwell numbers in Column 8, Table VI, of Mr. Emmons’ paper. 
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Hardening Drawing 
Temperatures Temperatures 
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Vickers Hardness Determinations, Using 10-Kilogram Load 
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Averages of 6 


Determinations Gene 
on Each Specime n Ave1 
884 782 870 84 
881 886 813 860 
828 838 791 81 
781 770 777 776 
743 754 746 748 
740 740 739 73 
735 734 «= 728 73 
745 741 737 741 
753 753 753 75 
772 773 770 77 
723 731 723 7 2¢ 
620 625 616 620 
47 448 $52 $5 
804 803 810 806 
809 761 828 799 
734 813 827 791 
778 793 779 723 
765 762 763 76 
a lO. 7s 75 
748 756 757 754 
763 763 766 764 
769 771 771 770 
801 R01 R04 Rn? 
757751 751 753 
633 636 633 634 
466 463 461 46 
845 R82 901 876 
776 827 850 818 
812 845 811 823 
801 811 93 802 
782 781 781 781 
775 768 776 773 
776 779 777 777 
778 780 781 780 
796 793 R00 796 
840 839 837 839 
785 785 792 787 
659 659 664 661 
473 72 475 473 





Averages of 6 


Determinations General 
on Each Specimen Averag 
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855 848 844 849 
803 R02 R02 R02 
744 775 765 760 
758 757 752 756 
757 759 763 760 
782 781 793 785 
812 814 804 810 
787 882 888 883 
854 856 849 853 
732 738 737 736 
502 508 50 
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In Figs. 1 to 5 (this discussion) are shown graphically the results quoted 


in Column 8 of the foregoing table. These correspond to Figs. 16, 20, 24, 28 anq 
2) 


Jb, respectively, of Mr. Emmons’ paper. There is general agreement between 














the forms of Mr. Emmons’ curves and those shown above, though some definite 
differences are to be observed. 

Fig. 6 has been prepared with the view of showing the relationship between 
the Rockwell numbers and the Vickers numbers over the range 45-65 Rockwell 
It is based in part on the results obtained by Mr. Emmons and myself and in 
part on results obtained earlier by myself on a series of samples of high speed 
steel from another source. It is worthy of note that Mr. Emmons’ Rockwel! 
hardness numbers fall very closely on the curve which I had previously pre- 
pared as the result of my own experiments. 

One point which should be referred to in view of its importance is that the 
relationship between the Rockwell and Vickers numbers over this range of 
Rockwell numbers differs quite appreciably from the relationship shown on page 
443-A of the National Metals Handbook (1930 Edition) between Rockwell 
numbers and Brinell numbers. The following table brings this point out quite 
clearly. 










Rockwell Brinell* Vickers 
(C) (3000 kg.) (10 kg.) 
45 430 456 
50 488 535 
55 548 626 
60 613 730 









838 


In regard to the conversion table printed on page 433-A of the National 
Metals Handbook, it is stated that “it cannot as yet be freely recommended 





for use with tungsten high speed steels.” The above table shows quite clearly, 
I feel, that this contention is justified, and that the suggestion that the conver- 
sion table in the National Metals Handbook is fairly correct falls rather outside 













the facts—that is, 1f we assume that the Vickers numbers represent what the 
Brinell numbers would be if no distortion of the ball occurred during test. 

In concluding this discussion, I wish to express my wholehearted apprecia- 
tion of the assistance given me in this work by Mr. Desmond Hunter. 

Written Discussion: By R. K. Barry, foreman, heat treating depart- 
ment, Barry Company, Muscatine, Lowa. 

The society is fortunate in having presented to it such a comprehensive 
study of the physical properties of high speed steel after various hardening 
and drawing treatments. The subject is an intriguing one that leads the investi- 
gator on and on into labyrinths seemingly without end. 

The author’s decision to soak all specimens for 30 seconds after they had 
reached the several hardening heats used, raises a doubt in my mind for we 
must presuppose the same rate of heating regardless of temperature, or in other 






words the rate is considered to be a constant even with other variations in 
evidence. 


*Values taken from conversion table on p. 433-A, National Metals Handbook (1930 
edition). 
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[he use of a salt bath as a heating medium was a wise choice, for decar 
burization is an important thing to avoid when working with small specimens. 
rhe choice of high speed steel drill rod as the test material pleased me, for 
| had urged further investigation with that material some years ago. The 
charts showing the stress-strain curves, together with the method used to deter 
mine the plastic, elastic, and total deformation are particularly interesting and 
‘n connection with them, special attention should be given to the fact that the 
slopes of the lines of proportionality are uniform. 

It will be observed that the toughness values are low after drawing to 
600 degrees Fahr., which is in agreement with our slow bend tests. One excep 
tion, however, is noted, i. e., hardening at 2400 degrees Fahr. with a 600 degrees 
Kahr. draw produces the highest coefficient of toughness (See Table V). 

The coefficient of toughness is generally higher after a 900 degrees Fahr. 
draw than it is after drawing to 1000 degrees Fahr. Impact tests indicate a 
similar condition. 

The Rockwell values shown in Table VI are normal and indicative of a 
high degree of accuracy all around. 

What significance can be attached to the condition shown in Fig. 36, as 
follows: Specimens hardened at 2300 degrees Fahr. were harder after drawing 
to 500 degrees, 600 degrees and 700 degrees Fahr. than when hardened at 2400 
degrees Fahr. Is grain size the answer? 

The closeness of values shown in Tables II, III and IV from which the 
averages were computed, are particularly impressive. 

Those who have studied or will study the figures in detail, will appreciate 
the beauty of the results from the standpoint of consistency and precision and 
that the whole research has depended to a large extent upon the technique 
used by Mr. Emmons in giving us such an excellent piece of work. 


Author’s Closure 


The author is much indebted to those who have contributed to the discus- 
sion of this paper and especially to those who have done experimental work for 
the better development of particular points. 

It should perhaps be made clearer that the variations in heat treatment 
under observation in this paper fall primarily in the range which is actually 
used for cutting tools. The exaggerated, clearly resolvable structures which 
may be developed for the purpose of microscopic study have been outside the 
scope of these experiments. 

It should also be clearly understood that only a few of the variables which enter 
into the practical heat treatment of tools have been here considered. Any at- 
tempt to apply these results to tool hardening practice must be done with the 
understanding that information on the effect of variations in such factors as, 
composition of the steel, size of the tool, soaking time at high temperatures, 
quenching speeds, etc., is not yet available. 

The kindly comments of Dr. Sauveur are especially appreciated. In reply 
to his inquiry as to the evidence in support of the statement that “the matrix 
of the steel quenched at 2350 degrees Fahr. (1285 degrees Cent.) and not drawn 


is an intimate mixture of austenite and martensite in a fine state of division,” it 
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may be said that the general structure of Fig. 45 may be called typically austen- 
itic. There are small faint markings visible in the matrix indicative of the 
vermiform type of martensite. These may be detected by close examination 0; 
some of the grains in the lower left hand corner of Fig. 45. The hardness js 
high (Rockwell C 64.9) which is indicative of martensite. The specimen js 
quite magnetic which indicates a high content of alpha iron or martensite. 
It was therefore considered that there must be a large amount of martensit, 
present intermingled with the austenite and difficultly distinguishable from it 

The “alpha phase” so well defined by Dr. Sauveur as being the first product 
of the decomposition of austenite is the “martensite” described in the paper. It 
may or may not be able to assume a needle structure according to the time and 
degree of freedom of atomic movement present. It is believed from the evidence in 
these experiments that quenched high speed steel before the draw already contains a 
large percentage of this alpha phase or martensite, and that some of this primary 
martensite is more easily decomposed by drawing than the retained austenite, 

As to the difference between martensite and troostite, the recent results 
reported by Jeffries,” Heindlhofer and Bain,” Ohman," Sekito,” Ellinger™ and 
others, give much information as obtained on carbon steel. The results of simi- 
lar investigations of hardened high speed steel by means of X-ray and magnetic 
analysis are as yet lacking, but it is hoped that they will soon be available. 
The physical properties under observation in this paper show something of the 
behavior of these constituents but furnish no direct evidence as to their compo- 
sition. From the evidence in this paper it may be said that: 







Martensite in high speed steel is hard and strong. It has very low plas- 
ticity. It resists etching by nitric acid. It may appear either acicular or 
vermiform according to the conditions present at the time of its forma- 
tion. It occurs sometimes in the matrix of typical austenite grains in rela- 
tively small masses and is hardly to be distinguished microscopically) 
from the retained austenite. Its composition does not appear to be uni- 
form as some of it is easily decomposed to troostite while other portions 
are very resistant. 

Troostite in high speed steel is less hard and less strong than mar- 
tensite. It is much more plastic. It etches dark with nitric acid. It does 
not appear to be present in freshly quenched high speed steel. As the steel is 








‘Dr. Zay Jeffries, ““A Contribution to the Theory of Hardening and the Constitution of 
Steel,” Transactions, American Society for Steel Treating, Vol. 13, 1928, p. 369. 


_ WK. Heindlhofer and E. C. Bain, “A Study of the Grain Structure of Martensite,” 
RANSACTIONS, American Society for Steel Treating, Vol. 18, 1930, p. 673. 





"Einar Ghman, “X-Ray Investigations on the Crystal Structure of Hardened Steel,” 
Journal, Iron and Steel Institute, Vol. CXXIII, 1931, p. 445. 


“Sinkiti Sekito, “On the X-Ray Analysis of the Cementite Obtained by Tempering 


Quenched Steels,” Science Reports of the ‘Tohoku Imperial University, Series I, Vol. XX, 
No. 2, 1932. ’ 


_ 8G, A. Ellinger, ‘‘Thermomagnetic Investigation of Tempering of Quenched 0.75 Pe 
Cent Carbon Steel,”” American Society for Steel Treating, Boston Convention paper. ‘To 
be printed later in TRANSACTIONS. 
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DISCUSSION—HIGH SPEED STEEL 


drawn at increasing temperatures it starts to form at about 400 degrees 
Fahr. (205 degrees Cent.). Its first appearance is at the boundaries of 
the martensite. 


The vermiform appearance of martensite might also be called “distorted 
martensite.’ The time element enters into its formation because the limited 
freedom of atomic movement in the austenitic solid solution makes crystallization 
and the development of slip planes slow. If there is but little freedom of move- 
ment and the time is short the result is imperfect slip planes, with the later 
formation of imperfect and distorted martensite needles along them. This dis- 
tortion and imperfect development of the martensite needles may perhaps be a 
contributing factor to the great strength displayed by this type of structure. 

The subdivision of martensite into different varieties showing different 
behavior is believed to be helpful to a better understanding of the effect of the 
variations in heat treatment commonly employed for cutting tools. It is recog- 
nized that the primary and secondary martensites of varying degrees of carbon 
content are only names for various typical stages of the progressive decomposi- 
tion of austenite. 

The observation made by Dr. Mathews that high speed steel is customarily 
used at the maximum torque value and not at the maximum of either toughness 
or hardness, is correct. High speed steel at its maximum toughness may be so 
low in hardness or strength as to limit its usefulness. This point is also 
brought out in Mr. d’Arcambal’s and in Mr. Spalding’s discussion. 

It is hoped that it will be possible to extend the investigation to include 
the properties at elevated temperatures at some time in the future. 

In response to Mr. d’Arcambal’s inquiry it may be said that the mixtures 
of austenite and martensite which have been observed to be unusually brittle 
have been freshly quenched specimens, not drawn. The difference between the 
plasticity of such mixtures and that of martensite with little or no austenite is 
only slight. There is some evidence that the extreme brittleness noted may be 
due to more perfect development of the austenitic slip planes rather than to the 
mere presence of a mixture of the two constituents. 

The experiment reported in Mr. d’Arcambal’s discussion shows that there 
has been no considerable change in the physical properties due to the use of a 
different steel of similar analysis. Also, it is shown that the two methods of 
heating for hardening produced similar physical properties and similar micro- 
structures. The author is grateful to Mr. d’Arcambal for his efforts in develop- 
ing these valuable points. 

The contribution of Dr. Ellis in checking the hardness determinations upon 
the Vickers machine is of great value both in confirmation of the author’s hard- 
ness results and in the general information it gives as to the correlation of results 
by the two hardness testing methods. It is gratifying to know that the hardness 
results reported in the paper check so closely with those in Dr. Ellis’ independ- 
ent experiments. The comments in regard to the data in the handbook are 
referred to the Recommended Practice Committee for their consideration. 

In reply to Mr. Spalding’s comments in regard to the property of “tough- 
ness,” it is the author’s opinion that “toughness” is the ability to resist breakage, 
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which concept involves both strength and plasticity. It is agreed that the stru 
tures shown in photomicrographs 43, 45, and 46 are evidence of too low a dray 
for the best service in cutting tools. It should be noted that these structures a} 
exhibit strengths below the maximum. Mr. Spalding’s warning that “toughness 
alone is not a safe criterion for hardening high speed tools,” is well taken 

In response to Mr. Barry’s question in regard to the rate of heating, every 
effort was made to keep this constant. The reason for the peculiarity shown in 
Fig. 36, in that for the 500, 600 and 700 degrees Fahr. draws, the hardness 
higher when hardened at 2350 degrees Fahr., than when hardened at 2400 degrees 
Fahr., may lie in the amount of retained austenite present. 

The remarks of Mr. Keshian in regard to the necessity of proper control 
of carbide distribution, are so true that they cannot be too often repeated. In 


this experiment every effort was made to eliminate this condition as a variable 


The author is pleased that Mr. Keshian regards this paper as being a step 


toward the solution of the problems of the consumer of tool steel, as so 
stated in his recent paper before the society. 

The comments of Professor Boylston as to the experimental work and the 
photomicrographs, are much appreciated as coming from so great an authority 
on the subject. 

There are many peculiarities in the curves shown in the paper for whicl 
the explanations are yet lacking. It is hoped that future accessions of know] 
edge of the nature and behavior of high speed steel will enable these gaps to be 
filled in. It should be reiterated that hardened high speed steel is such a 
heterogeneous material, that many things are going on at the same time, when 
ever there is sufficient freedom of atomic or molecular movement to permit 
changes to take place. The physical properties as here measured are only the 
summation of the properties of the several structural units present at that par- 
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PRECIOUS METAL ALLOYS 
BRUMFIELD 


Abstract 


There are a number of precious metal alloys which 
embody good possibilities for structural service through 
the wide range of properties obtainable, their corrosion 
resistance, and their possibilities of heat treatment. These 
alloys are described as to alloying elements and variations 
in percentages of these elements together with resulting 
properties. 

Possibilities of heat treatment and reasons for heat 
treatment are discussed. Copper and gold probably affect 
heat treatment most. Methods of heat treatment are 
described. Some effects of variation in heat treating meth 
ods are discussed. Some data on permanency of proper 
ties are given. 

Methods of testing are described as standardized by a 
group of interested manufacturers. A strain gage for 
making tensile tests and apparatus for making torsion 
tests are shown. A modified Johnson's apparent elastic 
limit ts described which has certain advantages. A _ partial 
bibliography is included. 


\ GREAT number of alloys of wide variety are used by the 


dental profession for making structures required to serve 


definite purposes in the mouth. ‘Tiny structures of these materials 
carry loads of surprising amount under such conditions that the 
material is required to meet severe demands as to workability, 
strength, flexibility and toughness. The demand by the dental pro- 
fession for high service possibilities in the metal from which their 
structures are made, arises from the limited space in which the struc 
ture must operate, a desire to lighten weight for the comfort of the 
patient and, in many cases, a lack of adequate structural informa- 
tion on the part of the constructor of the appliance. 

The constant pressure of these demands has promoted a con 
tinuous and intensive effort in the development of the alloys used. 


A paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1931. The author, R. C. Brumfield, is a member 
of the society. He is assistant professor of Civil Engineering at Cooper Union 
in charge of materials and hydraulics laboratories, New York City. Manuscript 
received June 2, 1931. 
































334 TRANSACTIONS OF THE A. S. S. T. Feb: 

















This has resulted in a bewildering number and variety of alloys 
available to the dental profession, with a range of properties wider 
than that available to almost any other user of structural material, 
The development of these alloys has taken two distinct directions, 
first a search for new alloys, offering improved possibilities for sery- 
ice, second, and more recent, efforts to improve existing alloys by 
careful attention to detail of manufacture, routine inspection testing 
and careful research testing of the metals. 

There is very little knowledge of these alloys outside their field 
of usefulness. They have high service qualities, however, which 
would recommend them for use outside the field of dentistry in such 
places as the construction of fine machinery where resistance to cor- 
rosion and high strength are necessary and there are novel features 
in connection with the alloys themselves as well as with the methods 
of testing used for them. They seem, therefore, to possess many fea- 
tures of real interest outside the field of dentistry. 

The viewpoint of the author in writing of these alloys is that 
of the practical producer rather than that of the physicist, ther- 
moanalyst or the microscopist. 





GENERAL DESCRIPTION OF THE ALLOYS 
The alloys used in dentistry may contain a number of metals, 
as described later. In the great majority of cases, however, the larg 
est percentage of the alloy by weight consists of precious metals. 
Among this group of precious metals would be included gold, silver, 
platinum, palladium and iridium. This high percentage of precious 
metal is dictated partly by the aesthetic demands of the dentist as 
well as the patient and partly by the fact that experience has shown 
alloys with high precious metal content to discolor and corrode in use 
in the mouth less than alloys with high base metal content. Other 
metals which may appear in the alloy in reasonable percentages are 
copper, zinc, tin and nickel. While all the elements mentioned above 
do not usually appear in a single alloy, the majority of them may 
and often do. The high strength alloys, particularly, often contain 
as many as five and six alloying elements. 

The whole group of precious metal dental alloys may be divided 
roughly into the following four classes for the purpose of discus- 


sion: 
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PRECIOUS METAL 


1. Alloys to be used wrought or cast in which the require- 


ment of high strength is not a prime factor 

2. Alloys to be used in the cast condition where strength 
with accompanying necessary service ductility is of prime 1m- 
portance 

3. Alloys to be used in the wrought condition, in which 
workability, strength, toughness and flexibility are of prime im- 
portance 

4. Alloys whose melting point is of controlling impor- 


tance, with other properties somewhat secondary, (that is 


Sé yiders ) ‘“ 


The alloys of the first class are usually ternary, alloys of gold, 
silver and copper or possibly binary alloys. In such alloys the gold 
content usually ranges from 75 to 90 per cent of the whole by weight. 
The remaining portion of the alloy will be divided between the other 
two elements. This class of alloys is almost invariably yellow in 
color. The ultimate strength ranges from 25,000 to about 80,000 
pounds per square inch, when tested (as described later) in the 
wrought condition. The proportional limit will range, roughly from 
30 to 60 per cent of the ultimate strength, the higher percentage ob- 
taining for the stronger alloys. Strengths and proportional limits of 
these alloys when used in the cast condition will usually be about 60 
to 70 per cent of those of the same alloy in the wrought condition. 
Brinell hardness ranges from a minimum of about 35 to a maximum 


of about 170 for this class. Ductilities are usually good even 


if 
tested in the cast condition. Percentages of elongation as high as 25 
per cent in 2 inches are obtained from some castings. This group of 
alloys react only slightly or not at all to heat treatment, therefore, 
alloys of this group do not offer very great possibilities of improve- 
ment in strength and hardness by heat treating. On the whole, this 
eroup of alloys is satisfactory for its purposes and is the one of those 
listed which is most nearly stable and the one on which the least 
amount of development work is being done at the present time. 
Although it was previously stated that the first class of alloys 
usually contains only gold, silver and copper, there is some over- 
lap. Moderately soft alloys will be found in the market containing 
considerable percentages of platinum and palladium. This is partly 
due to a demand for white alloys and partly to a widespread belief 
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in the intrinsic value of platinum metals which common usage 
made to include platinum, palladium and iridium. 

The second class of alloys have requirements paralleling very 
closely those of the third class. These are high strength coupled 
with necessary workability and service ductility. There are certain 
points of difference, however, dictated by the practical conditions of 
their use which require differences in their compositions. Both of 
these classes of alloys usually contain the three metals of the first 
class, gold, silver and copper. In addition to these, platinum or 
palladium, or both, will usually be found in greater or lesser per- 
centages. To these elements is usually added small percentages of 
zinc, in the case of the second class alloys. Zinc does not usually 
appear in the alloys of the third class. The third class alloys, on the 
other hand, contain higher maximum percentages of platinum or 
palladium than do the second class alloys. 

These differences in composition are necessitated by the fact 
that class-2 alloys are to be used in the cast condition. A reasonably 
low melting point is therefore essential, due to the limitations of 
available apparatus for heating the gold in casting. This limitation 
dictates lower percentages of platinum and palladium in class-2 
alloys than in alloys of class-3, because these two elements invariably 
raise the melting point. The zinc content in class-2 alloys serves the 
purpose of reducing surface tension near the freezing point and im- 
proving the soundness of castings. 

Class-2 alloys range in strength from the upper limit of class-] 
alloys to ultimate strengths of about 110,000 to 115,000 pounds per 
square inch. These results are those of tension tests in the cast con- 
dition. Proportional limits will be at a maximum from 70 to 75 per 
cent of the ultimate strength. The strengths listed are for the heat 
treated condition (described later). Accompanying service ductilities 
are about one per cent in 2 inches as a minimum necessary require- 
ment. Brinell hardness may range as high as 250 when tested after 
the alloy has been slowly cooled in the cast condition. These alloys 
are usually susceptible to hardening by proper heat treatment with an 
improvement in strength of from 60 to 80 per cent over that of the 
same alloy in the soft condition. There is a corresponding increase 
in hardness and a loss of ductility. 

Class-3 alloys show ultimate strengths as high as 190,000 pounds 
per square inch as an approximate upper limit of strength when 


tested in the form of 19-gage wire. The accompanying ductility may 











ve nas 


> very 
upled 
"ertain 
ns of 
Ith of 
e first 
1m or 
r per- 
res of 
sually 
yn the 
im or 


> fact 
mably 
ns of 
tation 
lass-2 
riably 
es the 


d im- 


lass-1 
Is per 
. Con- 
5 per 
heat 
ilities 
juire- 
after 
illoys 
th an 
f the 


rease 


yunds 
when 


may 








PRECIOUS 





METAL 





ALLOYS 


sao” 
IO/ 


be as high as 3 to 4 per cent in an 8-inch length. The maximum 


Rrinell hardness of these wires is from 290 to 300. The best of these 
vires will cold bend 180 degrees satisfactorily, two or three times 
around a mandrel producing an elongation in the outer fiber of about 
25 per cent at each 90 degree bend. 

In addition to the platinum-content alloys, described for the third 
class, there are a few of the ternary alloys of the first class which be- 
cause of their high strength properly belong with the class-3 alloys. 
(hese few alloys are usually of rather low carat and have ultimate 
strengths as high as about 110,000 pounds per square inch, when 
accompanied by the necessary service ductility of, say, 2 to 3 per 
cent in 8 inches. 

The fourth class alloys are used as solders in connection with 
colds of the first three classes. Generally lower melting points are 
required, therefore, than those of the alloys of the first three classes. 
This requirement becomes a controlling factor in the composition of 
the alloys of the fourth class. In general, the fourth class alloys are 
composed of the three elements, gold, silver and copper and the melt- 
ing points are lowered by additions of necessary percentages of zinc 
or tin, or of both. These additions of zinc may reach a total of 10 
per cent by weight in the lowest fusing of these alloys. The approxi- 
mate accompanying ranges of melting point, (that is liquidus) is from 
a low of 1400 to about 1600 degrees Fahr. maximum. ‘These fourth 
class alloys all react to heat treatment to a greater or lesser extent. 

The low and medium karat solders react to heat treatment more 
markedly than the high karat solders. An 802 fine solder, 1. e., 802 
thousandths of gold, (about the highest karat solder used) does not 
react to heat treatment appreciably. Solders of fineness around 600 
react most. Ultimate strengths hardened in the cast condition may 
attain 75,000 pounds per square inch with an accompanying ductility 
of about one per cent in a 2 inch length. The proportional limits are, 
roughly, 60 per cent of the ultimate strengths. 


GENERAL EFFECTS OF CONSTITUENT ELEMENTS 
ON THE PROPERTIES OF THE ALLOYS 


The number of alloys obtainable with the variations possible in 
constituent elements is enormous. Dr. O. E. Harder formerly of the 
University of Minnesota computed this number to be well over eight 


million by using 40 metals and assuming fairly large increments of 
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variation in the percentages of the elements which compose the allo, 


The number of elements composing the alloys under discussion is not 
as great as this but critical increments in percentages of each element 
are much smaller than those used by Dr. Harder. The number of 
dental alloys actually on the market is large, although not nearly so 
great as that quoted above. The number of undeveloped possibilities 
is even larger. 

It is quite obvious that a “cut and try” basis is the only one 
which could be used in dealing with a group of alloys whose com- 
plexity is as nearly infinite as that indicated. In general, this state 
ment is true. It is not true, however, that this “cut and try” consists 
entirely of groping in the dark. There are certain perfectly definite 
general principles which are the result of both experience and re- 
search, by which development effort may be intelligently guided. In 
stating some of these principles below, the author wishes to emphasize 
the fact that while they apply generally to the commercially feasible 
alloys, they are approximate rules rather than exact facts and, con- 
sequently, all have their limitations and exceptions. 

In constructing an alloy for dental purposes, the constructor is 
guided by certain definite requirements which are demanded in the 
finished product. These requirements are dictated by the use to 
which the alloy is to be put, feasibility of manipulation, and in some 
cases, by the prejudices of the user. In general, these are the same 
limitations which guide the preparation of any structural material. 
The important requirements which guide the manufacturer of a 
dental alloy might be partially listed as follows: melting point, resist- 
ance to discoloration or corrosion by the fluids of the mouth, ductility, 
strength, possibility of heat treatment, color and cost. 

The first of the above requirements, the melting point, is limited 
for golds which are to be used in the cast condition, by temperatures 
obtainable with an ordinary gas torch using a forced air draft to a 
maximum temperature of from 1850 to 1900 degrees Fahr. 
(liquidus). Each of the alloying elements listed will have a trace- 
able effect on the upper limit of melting range. In general, palladium, 
platinum, gold and silver tend to raise the melting point. That is if 
the percentage of any one of these elements were increased in an 
existing alloy, the resulting new alloy would have a higher melting 
point as a result of the addition, providing the melting point of the 
original alloy were below the melting point of the element added. 
The effects will be most marked for the different elements in the 
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order named above. It will be noted that their effect in raising the 
melting point is not in the order of the melting points of the elements 
listed. Palladium has a much lower melting point than platinum as 
an element but its effect in raising the melting point of the gold alloy 
is more rapid than that of platinum. 

Copper, zinc and tin constitute another group of alloying ele- 
nents, any one of which, if added to the alloy, as described above 
lowers the upper limit of the melting range. This is true of copper 


120 


Required 
| Fusion Temp.~. 


“Melting Point (Wire Method) of Alloy 


Fig. 1-—Method of Showing the Quantitative Effect of Alloying 
Elements on Melting Point (Wire Method). 


Percentage by Weight of Element 





> 


even though its melting point, as an element may be and usually is 
above the melting point of the alloy to which it is added. The melt- 
ing points for zinc and tin are always below the melting points of 
the gold alloys to which they may be added. 

Fig. 1 illustrates a method which the author has used to predict 
the effect of the various alloying elements on the fusion temperature 
(wire method) of the alloy. The arrows indicate the method of using 
the chart. The slope of each line is followed until a vertical distance 
has been attained equal to the content percentage by weight of that 
particular element. The fusion temperature is read vertically below 
after the effect of the last element has been traced. The slopes of 
the various lines indicate relatively the effects of the alloying elements 
on fusion temperature. No figures are given for temperature because 
such charts are limited to distinct groups of alloys and the publica- 
tion of actual figures would be apt to be misinterpreted. 

Resistance to discoloration and corrosion in the mouth is a mat- 
ter which has not been much investigated. In general, the rare metals 
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which are also comparatively inert chemically, are credited with 
giving the alloy its resistance to corrosion in the mouth. These « 

ments are platinum, gold and palladium, and, to a much less ext 

silver. There is very little distinction in the mind of the average user 
of dental alloys between discoloration of the alloy in the mouth du 
toa deposit and corrosion of the alloy due to chemical action which 
might be measured in loss of weight, possibly. Tammann! has re 
ported some results 1n connection with corrosion on the basis ot loss 
of weight and is quoted by John Shell’? that an alloy to be satisfac 
torily resistant to the mouth acids, should contain an atomic per 
centage of noble metal of 50 or more. Shell also states that in his 
opinion palladium should not be classed with gold and platinum in 
corrosion resistance. In actual practice the sum of atomic percent 
ages of gold, platinum and palladium will range from 50 to 65. The 
sum of the percentages by weight of gold, platinum and palladium 
of the better alloys is usually 75 per cent or more of the total. When 


silver content is added, this total may reach as high as 90 per cent by 


weight. This statement does not hold true for gold solders, however. 
In the case of the solders, which rarely contain platinum or palladium, 
the gold and silver content very commonly is as low as 65 to 75 per 
cent, and the gold content runs as low as 45 per cent by weight. 

Gold in common with most other metallic elements is very weak 
and ductile when pure. The addition of any of the alloying elements 
tends to strengthen it. These accretions of strength due to the various 
alloying elements may be divided into two classes, those obtainable 
by heat treatment and those obtainable without heat treatment. The 
former is dealt with under heat treatment. The best strength obtain- 
able in alloys which are not subject to heat treatment and which 
contain usually very little copper, is a proportional limit in the neigh 
borhood of 80,000 pounds per square inch, when tested in the form 
of 19-gage wrought wire. The corresponding ultimate strength will 
be in the neighborhood of 120,000 pounds per square inch. Such al- 
loys may contain as much as 30 per cent platinum or palladium or 
both, as well as some silver. Platinum is the more effective strength- 
ener. 

Silver content is usually credited with benefiting the ductility of 
the alloy. Ductility on the other hand is entirely lost by contamina 


G. Tammann, Text Book of Metallography, Chemical Catalog Co., New York City 


*Journal of American Dental Association, May, 1931. 
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of the alloy with mercury and lead. Very small quantities of 
Silver 


so serves as a controlling element over the rapidity and intensity of 


either element render the alloy impossibly weak and _ brittle. 


he reaction of the alloy to heat treatment. The possibilities of heat 
treatment are brought about largely through the agency of copper and 
yold, with platinum and palladium acting possibly as intensifiers but 
not essential to the process. 

Color is affected by all of the alloying elements. The gold con 
tent lends its own color. Palladium is a very rapid whitener of the 
alloy. Under certain conditions, as little as 5 or 6 per cent of pal 
ladium may render the alloy white. Platinum whitens much less 


rapidly. An alloy whitened by platinum alone, might require as much 






















as 20 per cent platinum and then not be a clear white. Silver whitens 
still less rapidly. Nickel is also a rapid and effective whitener. Cop- 
per lends a reddish cast. 

\lthough the author knows of no law by which to justify the fact 
specific gravity of the alloy seems to be affected by each of the alloying 
elements, almost in proportion to its content by volume. The fol 
lowing formula gives a basis for computed specific gravities which 
checked 3 successive determinations each by a highly sensitive Jolly 
balance just as closely as these determinations checked each other for 
5 wrought alloys of widely different composition. Such computations 
cannot be made for apparent specific gravity of alloys in the cast 
condition because of volume occupied by imperfections and discon- 
tinuities. 





100 
Specific gravity 


P with its subscript denotes percentage by weight of the element 
in the alloy and S with its subscript the specific gravity of the ele- 
ment. 

The compositions and specific gravities of the materials men- 
tioned above follow: 








Composition Per Cent by Wt Sp. Gravity 


Alloy Au Ag Cu Pt Pd Ni Jolly Balance! Computed 
l 63 See ie. 10 2 rr 15.78 15.4 
65 13 17 l 2 4 14.39 14.5 

62.5 10.5 24.4 és is 2.6 13.70 13.75 
+ 66 toed 14.5 +.5 Lis 15.87 a. 
+7 36 a we is 17 13.97 13.8 


Each the average of 3 tests 
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Heat TREATMENT 





A great many of the dental alloys react to heat treatment. 
improvement in strength resulting from heat treatment may amount 
to from 50 to 100 per cent of the strength of the alloy in its softest 
condition. This can be attained accompanied by sufficient ductility 
for structural service. There is, of course, a corresponding iner ase 
in hardness. 

The reasons these alloys react to heat treatment have never been 
fully determined. Heat treating possibilities are usually attributed to 
the precipitation of certain compounds of gold and copper.  Kur- 
nakow* and others report the precipitation of the compound Cu,Au 
at 371 degrees Cent. and less in binary alloys of gold and copper, for 
ranges of atomic percentages of gold between 25 and 35. They also 
report the compound CuAu for the same alloys between atomic per- 
centages of 40 and 65. P. Y. Soldau* also reports the precipitation 
of the compound Au,Zn in gold and zine alloys of atomic percentages 
from 0 to 31 per cent zinc when cooled below 450 degrees Cent. and 
AuZn in alloys containing atomic percentages of zinc from 38 to 51. 
Just what part each of these compounds determined for the binary 
alloys plays in the heat treatment of the more complicated alloys of 
commercial use 1s not determined. ‘There are certain facts, however, 
in connection with the heat treatment of these alloys which are known 
from practical experience and which seem pertinent to the case: 


l. No commercial alloys on the market which do not contain copper, react 














to heat treatment sufficiently to give enough return in structural benefit to re t] 
ward the efforts of heat treating. p 
2. Not all alloys containing copper react to heat treatment sufficiently to it 
warrant the effort commercially. t 
3. Certain other alloying elements, such as silver and platinum, while not 
essential to the heat treating effect, do seem to exert an influence on the results. - 
An exception to the first statement might be noted in the case 
of some of the high nickel alloys. These, however, are not used to 
a great extent in high grade dental practice. In general, the per- ; 
centage of copper required to cause an alloy to heat treat sufficiently ‘ 
to make the effort worth while in structural benefit obtained, ranges 
from 8 to about 17 per cent by weight, depending upon the alloy. 
SJournal, Institute of Metals, 1916, Vol. 1. C 











‘Ann. Inst. Phys. Chim., Vol. 2, 487-8 (1924). Chemical Abstracts, Vol. 21, (2654) 
(1927). 
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rernary alloys of gold, silver and copper will usually require some 
yvhat more copper to obtain the full heat treating effect than will the 

re complicated alloys which contain platinum and palladium. Some 
Jlovs contain more than 17 per cent copper by weight but it has been 
the author’s experience that this added copper produces no benefit 
in the heat treating of the alloys and may be detrimental to their 
streneth. When the percentages of gold and copper are expressed 


on an atomic basis their relationship to heat treatment becomes more 


Gain in Prop.Limit on Heat Treatment, Lbs per Sg.h 


20 


Ratio Atomic Percentages gy 


Cu 

Fig. 1A—Showing the Relationship Between IJmprovement in 
Proportional Limit on Heat Treatment and the Ratios of the Atom 
Percentages of Gold and Copper in the Alloy. 


Wrought alloys containing platinum 
Alloys in cast condition containing platinum. 
A Alloys containing no platinum. 


readily traceable. Fig. 1A illustrates this statement. It will be noted 
that there is a very definite relationship between improvement in pro 
portional limit and the atomic ratios of Au-Cu. The influence of plat- 
inum on heat treatment is also shown by the fact that the average 
trend for the plantinized golds lies considerably above that for the 
non-platinized golds though the two are parallel. 


DESCRIPTION OF HEAT TREATMENT 


Heat treating of dental alloys in the United States has been 
very largely influenced by the work of the National Bureau of Stand- 
ards®, This is especially true with regard to the temperature used for 
quenching in softening and for slow cooling in hardening. 

The alloy may be heat treated either for softening or for hard- 
ening. The heat treatment for softening consists in heating to a 


®R. L. Coleman, Research Paper of the U. S. Bureau of Standards No. 32. 
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uniform red heat (1300 degrees Fahr.) and plunging quickly int 
cooling bath. In some cases a double quench, that is, a second heat 
ing and quenching, will produce increased softness. 

The time during which the alloy is held at 1300 degrees Fahr. 
before quenching may also contribute to the result obtained. Gen 
erally the longer it is held at this temperature before the plunging 
the softer will the metal be. This result has generally been attributed 
to grain growth in the case of wrought alloys but it is doubtful 
whether the phenomenon can be fully explained so. 

The author has test results on two alloys in both the wrought 
and cast conditions held at 1300 degrees Fahr. for various lengths of 
time up to 30 minutes, before plunging, in each of which the softening 
effect due to holding was fully as great for the cast as for the 
wrought samples. Since grain growth in cast metals is not usually 
conceded this would seem to indicate some other explanation for the 
additional softening due to holding. 

The alloy may or may not react to the temperature of the quench 
ing bath. Below is shown the Brinell hardness of three different 
wrought alloys quenched in ice water, water of room temperature, and 


boiling water : 


Brinell Hardness of Alloy Quenched in Water at 


Compositions Temp. Shown 
Alloy Au Ag Cu Pt. Pd } Degrees Cent. 29 Deg. Cent. 100 Deg. Cent 
A 63 11.5 13.5 10 2 173 188 204 
B 9 & 13 vce Sea 207 205 213 


130 136 129 










It will be noted that only in the case of alloy A is there any 
noticeable effect on the Brinell hardness, due to the different temper- 
atures of the cooling medium. Water is commonly used as a cooling 
medium. Other media used are alcohol, oil and a hot solution of 
sulphuric acid. 

The softening effect of quenching may increase with the thermal 
conductivity of the cooling medium. Alloy A above showed about 
12 per cent less Brinell hardness when quenched in water at room 
temperature than it did quenched in alcohol or oil, which have only 
about one-third the conductivity of water. This was not, however, 
true for alloys B and C. These alloys were tested in the wrought 
condition. 

The heat treatment of the alloy for hardening consists in the 
preliminary heat treatment for softening just described, a subsequent 
reheating to 840 degrees Fahr., and cooling the alloy from 840 to 480 
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rees Fahr. in a specified time as recommended by the Bureau of 
Standards. After the cooling period is completed the alloy is 
quenched in a cooling medium just as it was after the heat treatment 
for softening. The Bureau of Standards recommends thirty minutes 
for this cooling out period. ‘This period, however, is so long that in 
addition to being somewhat time consuming it leaves otherwise per- 
fectly serviceable alloys too brittle. A much shorter period will 
often give practically as good strength with better ductility. As a 
matter of fact, by far the greater proportion of the strengthening 
effect of slow cooling is produced in the early stage of the cooling 
period. For instance, alloy B above attains fully 50 per cent of its 
increase in strength in the first five minutes of a thirty minute cooling 
period. 

During heat treatment, the alloy blackens from oxidization due 
to its copper content. Quenching in either hot acid or alum will 
remove this oxide. Alcohol will also leave the surface comparatively 
bright but with a reddish deposit. Water will leave the surface 
black. 

The method of handling alloys in reheating to 840 degrees Kahr. 
after quenching is important to the result of heat treatment. If the 
alloy is put in a furnace and gradually brought to a temperature of 
840 degrees Fahr. over a comparatively long period of time, this 
soaking during the reheating may have the same effect as the cooling 
period in producing hardening. Publications of the Bureau of 
Standards are silent on this point. ‘The author’s practice of heat 
treating has been to bring the furnace to a constant temperature of 
840 degrees Fahr., then place the specimen to be heat treated in the 
furnace and allow it to remain a minute and a half for 19-gage wire 
and two minutes for 0.08-inch cast specimens, before starting the 
cooling period. It is felt that these times are ample to allow the 
specimen to absorb the temperature of the furnace and they are 
reasonably in line with the recommendations of the A. S. T. M. for 
ferrous metals.® 

The Bureau of Standards in their Research Paper No. 32 makes 
the following statement in regard to heat treatment :—‘It was also 
tound that the time required to produce a given degree of hardening 
was practically the same whether the alloy was held at a constant 
temperature or allowed to cool slowly. For example, cooling the 


‘American Society for Testing Materials Specification A-35—24. 
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alloy from 840 to 480 degrees Fahr. in thirty minutes produced 
practically the same effect as heating at 840 degrees Fahr. for thirty 
minutes. These findings were verified by tests of the various 


mechanical properties.”” It is true that an effect of increase | 


11} 


strength and hardness may be produced in most alloys by prolonged 
heating at a constant temperature, somewhat similar to that which is 
produced by the slow cooling described above. It is the author's 
experience, however, that this effect is never as great for a given 
soaking period as that produced by a slow cooling for the same 
period. 

In some alloys, soaking at 840 degrees Fahr. produces very little 
or no traceable hardening effect. For instance, alloy A noted above, 
when soaked at a constant temperature of 840 degrees Fahr. for five 
minutes, showed a proportional limit of 115,000 pounds per square 
inch. When soaked for 10, 15, 20 and 30 minutes respectively, its 
proportional limit dropped to 108,000, 102,000, 92,000 and 85,000 
pounds per square inch. In all cases, the ductilities were compar- 
atively low. Alloy A normally has a proportional limit of 125,000 
pounds per square inch when slow cooled for five or ten minutes. 
Alloy B above showed a proportional limit very nearly constant 
around 120,000 pounds per square inch when soaked at a tempera- 
ture of 840 degrees Fahr. for 5, 10, 15, 20 and 30 minutes, while its 
proportional limit on slow cooling for 15 to 20 minutes is 135,000 
pounds per square inch. Another alloy consisting of gold—65 per 


cent, silver—13 per cent, copper—17 per cent, platinum—1 per cent, 














palladium—2 per cent, and nickel—2 per cent, showed no effect of heat 
treatment when soaked at 840 degrees Fahr. although it exhibited 
marked effects when slowly cooled from 840 to 480 degrees Fahr. 
It reacted markedly, however, to soaking at a constant temperature of 
600 degrees Fahr. Alloy A, above, when soaked at 600 degrees 
Kahr. for five minutes showed a proportional limit of 86,000 pounds 
per square inch and when soaked at the same temperature for thirty 
minutes showed a proportional limit of 100,000 pounds per square 
inch. Thus when soaked at the high temperature, the proportional 
limit of alloy A dropped with increase in time while at the lower 
temperature, it rose as time of soaking increased. 

It appears that possibly there is a most favorable constant tem- 
perature at which each of these alloys could be soaked and _ heat 
treated satisfactorily. The variable temperature cooling period seems 
however to give on the whole better results due to the fact that there 
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Fig. 2—Photomicrographs of a Gold Alloy in the Cast Condition Showing Changes in 
Structure After Heat Treatment. (A and C) Quenched in Water from 1300 Degrees Fahr. 
(B and D) Slowly Cooled from 840 to 480 Degrees Fahr., in 20 Minutes. (A and B) 
Etched with Todine, (C and D) Etched with Aqua Regia. X 500. 

Fig. 3—Photomicrograph of a Piece of Wrought Wire Showing a Platinum Segregation. 
(A) Cross Section. (B) Longitudinal Section. xX 100. 


is an increased likelihood that somewhere during the cooling period 
the most favorable temperature is attained for the particular alloy 
being heat treated. The working out of the exact heat treatment 
best suited to each alloy might have some slight advantages but be- 
cause of the confusion resulting from the number of heat treatments 
necessary the variable temperature cooling period is most satisfactory 
at present. 

Very little work has been done with a view to determining the 
permanency of the properties attained through heat treatment over a 
period of time. The author has test results on six alloys in the form 
of wrought wires each tested at periods of time after slow cooling 
of 4, 28, 52 and 120 hours and again at two months. None of the 
six alloys showed much change in ultimate strength for periods within 
the first 120 hours. Four of the alloys held a constant ultimate 
strength over a period of two months. One of the alloys showed a 
35 per cent increase in ultimate strength at the end of two months. 
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The other showed a 22 per cent decrease in strength at the end of 


the two-month period. ‘These figures are based on 3 or more tests 
of each alloy at each age. 

The compositions of the alloys showing variation of strengt| 
with age are given below. 


Compositions 


Au Ag Cu Pt 
Alloy Showing Strength Decrease............. 63 73.3 i3.5 10 
Alloy Showing Strength Increase.............62.5 10.5 24.4 






Some investigators of precious metal alloys have reported effects 
of heat treatment to be traceable by the microscope. The micri graphs 
shown in Fig. 2 of a piece of cast gold in both the quenched and the 
slow cooled conditions show these differences of structure. In spite 
of the fact that these differences exist, the microscope at the present 
time has no definite place in interpreting the effects of heat treatment 
because of the lack of a recognized method of interpretation, such 
as exists for instance in connection with steels. 

About the only definite usefulness which is made of the micro- 
scope at the present time is in examining the alloys for relative grain 
size and in detecting porosity, segregations, etc. Fig. 3 shows one of 
such segregations consisting, in this case, of platinum metals, which 
was proved by the fact that the surrounding alloy melted away when 
wire was held in the open gas flame, leaving the segregation of high 
fusing metal intact. Fig. 3-A shows the segregation in cross section 
and B in longitudinal section where it has been drawn into a thread 
due to the drawing of the wire through the die. Platinum segrega- 
tions appear dove gray in the microscope, little affected by etching 
reagents. It is to be hoped that means will be developed for making 
microscopic interpretations of heat treatment effects better under- 
stood. 

Most of the gold alloys in common with many of the brasses 
reach a stage of extreme weakness and brittleness at temperatures 
between red heat and room temperature. Some of the alloys may be 
bent and shaped at a bright red heat but none can be shaped at ele- 
vated temperatures below a red heat. 


Metuops or TESTING 


There are several points in connection with the methods of test 


ing these alloys which are of general interest. These methods have 


been rather fully standardized by the Gold Group of the American 
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Dental Trade Association. They are somewhat unique in that they 
deal with very small sections and, consequently, embody features 
which are different from those ordinarily used in connection with the 
larger sections tested for steels and brasses. These methods have also 
heen influenced by the work of the Bureau of Standards, previously 
quoted. 

For wrought wires, the test specimen is an 0.036-inch (19-gage ) 
wire, 12 inches long with an 8-inch gage length; for rolled plates it is 
a flat strip 0.007 inch thick by 0.025 inch wide with an 8-inch gage 


4 
Ss 


Fig. 4—An Averaging Extensometer 
Meeting the Requirements of the Standards 
of the Gold Group of the A. D. T. A. for 
Testing Gold Alloys. 


length; for cast metals a cast specimen 0.08 inch in diameter by 5 
inches long tested in tension with a 2-inch gage length. An averaging 
strain gage is required except for the 0.036-inch wrought wires. The 
required accuracy is 0.0005 inch for the 8-inch gage length and 0.00025 


inch for a 2-inch gage length. The accuracy required for the testing 


machine is + 0.5 pound. 

The Baby Brinell hardness test is used. This has been adapted 
from the test developed for cartridge brass during the war and re- 
ported in A. S. T. M. Proceedings for 1919°. This test consists of 


‘Development of Hardness Tests on Thin Brass Sheet by S. L. Goodale and R. M. 


Banks. 
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forcing a one-sixteenth inch steel ball under a 28-pound load, into the 
surface of the test specimen. The hardness is expressed in terms 
of load in kilograms, divided by the area of the spherical indentation 
in square millimeters. The area of the indentation is based on 
measurements of the diameter of the impression, made with a filar 
eye piece or a projecting microscope magnifying about 150 diameters, 
These Baby Brinnell hardness results give substantially the same 
hardnesses as do regular Brinell tests using a 10-millimeter ball and a 
500-kilogram load. The author has a dozen or more parallel test 
results on different alloys with hardnesses ranging from 80 to 250 
Brinell made with the two different pieces of apparatus. The dif- 
ferences between the results of the Baby Brinell test and the regular 
Brinell test are small, being no greater than occur between different 
impressions by the regular Brinell apparatus. 

The adopted standards of the A. D. T. A. Gold Group treat the 
temperature at which the alloys melt from two different standpoints. 
Their attitude toward alloys which are to be used in the wrought con- 
dition is that the user, since he is not going to melt the alloy, is only 
interested in the maximum temperature at which the alloy has ap- 
preciable strength and at which it might be safe to heat it in his 
manipulation and that he is not interested in the melting point, that 
is the liquidus. For alloys which are to be cast by the user or melted 
as in the case of solders, the standards call for the complete melting 
range, solidus and liquidus. 

In the case of the wrought alloys the temperature reported is 
called “fusion temperature.” It is the temperature at which an 
0.0285-inch wrought wire of the alloy, one-sixteenth inch long, which 
has been welded between the extremities of the leads of a platinum- 
rhodium thermocouple will break when subjected to a cross bending 
load of 3 ounces avoirdupois. This test was developed at the Bureau 










of Standards. The fusion temperature so determined usually lies 
within the melting range as determined below for cast alloys. It 
is often about halfway between the solidus and liquidus but from 
the experience of the author usually tends to lie somewhat nearer 
the solidus. In the case of some of the solders, however, it is 
entirely below the melting range. The fusion temperature for most 
alloys checks for the successive tests quite closely. In a few cases, 
however, as, for instance, pure gold, there is more variation between 
successive tests. 


The melting range which is reported for all cast golds and 


“bt 1 


ito the 
terms 
itation 
ed on 
a filar 
1eters. 
same 
and a 
2] test 
0 250 
e dif- 
ecular 


terent 


at the 
oOints. 
it con- 
Ss only 
aS ap- 
in his 
t, that 
nelted 
elting 


ted is 
ch an 
which 
inum- 
nding 
ureau 
'y lies 
a. 3 
from 
nearer 
it is 
* most 
cases, 
tween 


s and 


PRECIOUS METAL ALLOYS 


solders has for its upper limit the solidus and for its lower limit, the 


liquidus, as determined from the inverse rate cooling curve. An ac- 


curacy of result of plus or minus 18 degrees Fahr. is required. The 
sample used in the determination weighs 100 grams or more. 
Various extensometers are used to measure elongation of test 
specimens. Fig. 4 shows one the author has developed to meet the 
requirements for testing each of the various test specimens listed 
above. This extensometer is patterned somewhat after the well- 


5—Apparatus Developed for Testing 0.036-Inch Wrought Wires in Torsion. 


known Ewing extensometer. The specimen S-S which may be either 
a wrought wire, an 0.08-inch cast specimen or an 0.007-inch by 0.25- 
inch band is held in the heads of the extensometer by means of the 
set screws B. These screws bear against the chucks (A) a detail of 
one of which is shown in Fig. 4 (a). These chucks, one pair in each 
head, bear against the specimen at the peak of the tapered portion 
directly opposite the point of set screw B, and hold the specimen by 
friction without scarring it. The chuck shown in Fig. 4 (a) is for 
the band specimens. Those for the wires have a tapered groove. 

The upper head of the extensometer EA holds a fixed angle 
with respect to the test specimen due to the fact that joint at E ro- 
tates only in a plane at right angles to Bar EA. Bar EF is pivoted 
to adjusting screw C at K, and the lower head is held firmly against 
this pivot by means of the taut rubber band G. 

As the specimen elongates point D moves vertically approxi- 
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Fig. 6—Curve of Torsion Test Obtained from Ap 
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mately twice as much as the specimen at B elongates. This multiplied 
movement is recorded by means of the Last Word Gauge, fastened 
rigidly to the upper head at P. An Ames dial is sufficiently accurate 
to use with the specimens of 8-inch gage length, and is often substi- 
tuted for the Last Word Gauge in testing these specimens, because 
of its greater range. The gage is applied to the specimen by means 
of an auxiliary reference bar R, which is constructed for a 2-, 4-, or 
an 8-inch gage length, and is removed after the instrument is ad- 
justed to the test specimen. 

This is an averaging gage which meets all the requirements of 
the standard methods for testing these alloys. The upper head is 
light enough that the error made in failure to correct stresses in the 
test specimen for its weight is small. 

The author has also developed a piece of apparatus for testing 
these small wires, or the 0.08-inch cast specimens in torsion. This 
test is not included in the standard methods adopted by the members 
of the Gold Group. This piece of apparatus is shown in Fig. 5 with 
an Q.08-inch specimen inserted. It consists of a grooved pulley, 
mounted in ball bearings, carrying the smallest size Jacob’s drill 
chuck on the end of the shaft, shown at (B). This pulley is wrapped 
with fish line at the end of which is fastened scale pan C, or a 
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et when testing wrought wires. The weight of this pan or 

ket is just right to overcome the static friction of the shaft of the 
heel in the ball bearings.  ¢ )pposite to the movable chuck is fastened 
. fixed chuck on the end of the shaft D, which is free to slide endwise 

not to rotate. A piece of 19-gage wire is clamped between these 
chucks with about an inch clearance. ‘The troptometer arms E and F 
ie fastened to the wire about three-quarters of an inch apart. One 
of these arms carries a flexible steel scale bent into a circle of about 
2 85-inch radius, the other carries a magnifying glass focused on the 
divisions of the steel scale. The arm E is adjusted so that the distance 
from the center of the wire to the scale is the right amount to make 
a detrusion of O.Ol-inch equivalent to 0.2 degrees rotation. The 
troptometer arms are each counter-balanced (G) so that their weight 
will not affect the torque on the test specimen. Loads are applied 
usually by adding 5-gram weights to the basket C. After the weights 
are added, the frame of the apparatus is tapped gently with a piece 
of wood to overcome the inertia effect of the grooved wheel. As soon 
as movement ceases, the tapping is stopped and the reading of torque 
and detrusion recorded. ‘This apparatus gives smooth consistent 
curves of which Fig. 6 is an example. 

In general the proportional limit in shear of most of the gold 
alloys will average a little more than half of the proportional limit 
in tension. ‘The modulus of elasticity in shear is usually a little more 
than a third of the modulus of the same material in tension. The 
modulus of elasticity of dental alloys in tension ranges from 14,- 
000,000 to 18,000,000 for wrought alloys. The computed value of 
Poisson's ratio, or the factor of lateral deformation is consequently 
trom 0.3 to 0.4 which is a little more than for steels. 

Fig. 6 illustrates the standard method of determining a modified 
value of the well-known Johnson’s apparent elastic limit which is 
peculiar to these methods of test and has a great deal to recommend 
it. A line PB is drawn tangent to the average curve OPD, which 
makes 25 per cent greater slope with the stress or load axis than does 
the straight part of the curve OP. Instead, however, of using the 
point of tangency with the curve as the value of the apparent elastic 
limit as is done in determining the Johnson apparent elastic limit, 


) 


the point of intersection P of this tangent line with the original 


straight part of the curve OA is taken as the apparent elastic limit. 


This practice has the same advantage of being perfectly definite which 
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the Johnson method has, and the added advantage that it locates the 
apparent elastic limit much closer to the ordinary proportional limi 
value than the Johnson method. As a matter of fact, with some oj 
the very brittle cast materials which are tested, the use of the ordinary 
method of determining Johnson's apparent elastic limit always lo ates 
this value at or very near rupture. 

A surprising amount of research in connection with precious 
metal alloys is being carried out at the present time in view of the 
relative amount of business available to the precious metal industry 
as compared to other metal industries. The American Dental Asso 
ciation has two Research Fellows at the Bureau of Standards in Wash 
ington devoting full time to research in dental materials. Most 
of the leading manufacturers of dental alloys have research equip- 


ment and men actively engaged on their problems. A fine spirit of 






















cooperation exists between the various agencies engaged in research, 
resulting in the standard methods of test previously mentioned and 
the beginnings of the writing of specifications for certain classes of 
alloys recently instituted at the Bureau of Standards. S 

Most of the problems attacked so far in this country have been 
of a more or less practical nature, research from a purely scientific 
standpoint having been somewhat secondary. Some fundamental 
research has been done, however, mostly in Europe. <A great deal 
more remains to be done, particularly research of a fundamental 
nature, in order to really acquaint ourselves with these very compli- 
cated precious metal alloys. 

The work which the author has done with the precious metal 
alloys has been in connection with the J. F. Jelenko Company of New 
York City. 

Below is appended a partial Bibliography for a portion of which 
the author is indebted to W. S. Crowell. 
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DISCUSSION 


Written Discussion: By Walter S. Crowell, technical assistant to vice 
president, S. S. White Dental Mfg. Co., Philadelphia. 

Mr. Brumfield’s paper surveys the precious metal alloys used in dentistry 
and briefly describes their composition, physical properties and response to 
heat treatment. His description of the role of the various alloying elements 
in producing precipitation hardening might be said to agree with the data ob- 
tained from tests of the commercially available alloys. Before accepting it 
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without qualification, however, the author’s statements at the close of the p: 
concerning research on precious metal alloys, must be carefully noted. 

\s he points out, most American workers have had practical problen 
to solve, with little time for pure research. This seems to have led to 
development of alloys which respond to certain stereotyped heat treatments 
and the assumption that those which do not are, under all conditions, free 
precipitation hardening. 

The temperatures and compositions limiting the age hardening of gold 
copper are given by Kurnakow, et al. The effect of the addition of silver on 
these limits is shown by the work of Sterner-Rainer. The age hardening 0 
platinum-copper and palladium-copper is indicated by Nowack and others. A 
study of these references gives valuable data on limiting and optimum copper 
content 


" 


The strengthening effect of additions of platinum metals to gold-silvyer 
copper alloys is mentioned by the author. This is a phenomena of great pra 
tical importance. The high strength alloys of gold-silver-copper occur below 
50 atom per cent gold and are undoubtedly deficient in corrosion-resistance for 
dental purposes. Using both gold and platinum metals, alloys of high strength 
and response to heat treatment can be produced at precious metal levels suf 
ficiently high to insure adequate corrosion-resistance. Where high strength 
and corrosion-resistance are required the platinum metals play a part second 
only to copper. 

Written Discussion: By John S. Shell, assistant professor of chemistry 
and metallurgy, University of California, College of Dentistry, San Francisco, 
California. 

The interest recently shown by the dental profession in developing and 
perfecting the materials which they use, is well evinced in this excellent paper 
on precious metal alloys. Such reports are valuable not only because of the 
data presented, but also as a means of breaking down the almost insurmount 
able wall of secrecy that so long surrounded the production of gold alloys 
Secrecy of procedure and alloy composition are only recently being discarded 
as advertising copy by dental manufacturers and are being replaced by in 
formation regarding the physical properties of each alloy produced. This has 
reacted favorably toward the development of more advanced technical pro 
cedures on the part of the dental profession. 

As stated by Mr. Brumfield, the commercial application of high strength 
precious metal alloys is limited almost entirely to the dental field. Considering 
the high strength of such alloys combined in many cases with absolute chemi 
cal resistance to such powerful reagents as concentrated nitric and sulphuri 
acids, it is surprising that they have not found many other commercial uses 
\s has been stated, cast alloys are readily prepared with an ultimate strength 
of 110,000 pounds per square inch and wrought alloys can be obtained with 
ultimate strength of 190,000 pounds per square inch. With physical properties 
as indicated in the paper it would seem that the alloys might find many uses 
in structures of small sizes requiring high strength and freedom from cot 
rosion. 

The differentiation between discoloration due to foreign deposits and that 


due to actual chemical attack cannot be over-emphasized. To these causes ior 
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ljoration might also be added the effect ot electrolytic decomposition re 
-ulting from the presence of two or more types of metal restorations in the 
-ame oral cavity. Many mouths contain combinations such as_ silver-tin 
amalgams, pure gold foils, and alloys containing a gold content as low as 16 
rat. Very little investigation has been reported relative to any of these 
factors. Tammann’s work seems to give the only available scientific basis for 
determining the probability of direct chemical attack from the fluids of the 
mouth. According to Sterner-Rainer only gold, platinum and iridium are 
absolutely free from acid-corrosion. He omits palladium from this list due 
to its action with hydrochloric acid and silver is not considered corrosion- 
free in any sense as it reacts on chlorides and sulphides. 

According to Grigoriey the alloys of gold and platinum which do not con 
tain too small a percentage of either metal decompose into an eutectic mix 
ture after partially solidifying as a solid solution. This may help to explain 
the effect of platinum during the heat treatment of alloys containing this metal. 
Nowack finds it possible to produce age hardening in the binary combinations 
gold-platinum, palladium-copper, and platinum-copper, as well as gold-copper. 
The cause of the marked effect of silver tn increasing the rate at which the 
hardening proceeds is not clear. 

In slowly solidified alloys of gold and copper containing equal atomic 
percentages, long heat treatments (1 to 24 hours) are easily demonstrable by 
microscopic examination. The Widmanstatten structure usually develops in 
the heat treated specimens as opposed to the solid solution structure in the 
quenched alloys. In the more complicated alloys little or no change in micro- 
scopic structure is observed during short heat treatments (5 to 30 minutes). 
Structural changes resulting from such heat treatments in these alloys are 
more probably due to a diffusion of the segregated alloy resulting from liqua- 
tion, tending to produce a homogeneous structure. These changes may affect 
the physical properties, but there is no definite evidence to indicate that the 
observed phenomena parallel the structural modifications observed by the 
microscope. 

Written Discussion: By N. O. Taylor and G. C. Paffenbarger, research 
associates of the American Dental Association, and Wilmer Souder and W. T. 
Sweeney, staff members, dental laboratory, U. S. Bureau of Standards, 
Washington, D. C. 

The author, Professor Brumfield, has reported some interesting phenomena 
which have only recently become general information among many of the 
users of these alloys. 

Our primary criticism of the report is the apparent reluctance to give 
formulas of alloys’ and the qualitative type of data mentioned for these’ prac- 
tically hidden alloys. These two evasions rob the report of much of its 
scientific interest. The abstract appearing under the title of the paper states, 
“There are a number of precious metal alloys which embody good possibilities 
tor structural service ....” Doubtless many members of the society would 


‘Editor’s Note—Subsequent to the preparation of this paper in preprint form for 
distribution prior to the convention the author, Professor Brumfield, has made numerous ad 
ditions to his paper especially in regard to the compositions of the alloys discussed. In view 
of these additions some of the discussion of this paper becomes invalid. 
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welcome such alloys for use in special design or service; but not one alloy js 
completely described and the only direct access to an alloy formula for such 
special service (so far as this report is concerned) would be by reference t¢ 
Research Paper of the Bureau of Standards No. 32 by R. L. Coleman, which 
the author lists in his references. 
The absence of numerical values on Fig. 1, formulas for Alloys A, B, and 
and the six alloys mentioned on page 347 makes it impossible for research 
workers in this field to derive any important benefits from the report. 

In the discussion of color, page 341, a word of caution should be given on the 
tendency of silver to turn these alloys to a greenish color and on the possi- 
bility of nickel seriously reducing precentage 
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elongation in certain alloys. 
Manufacturers supplying dental alloys for use by government departments 
have come to grief by reason of these defects. 

Specific gravity is not regarded as of special interest in our present re- 
search with these alloys and we are not prepared to discuss the formula or 
conclusion drawn. 









Likewise the torsion equipment shown in Fig. 6 is not 
used in our work since it is thought the combined properties which it gives 
are secured separately in the regular elastic tests reported in Research Paper 
No. 32 mentioned previously. It is also suggested that those interested in se- 
curing most accurate values for percentage elongation see Fig. 34 in Research 
Paper No. 32 for a double dial type of extensometer. This will be found 
more satisfactory for the greater elongations than the equipment pictured in 
Fig. 5 which might become less accurate by reason of the lack of parallelism 
between the extensometer, specimen and pivoted bar. 






The section on heat treating is not clear to any of the discussers and for 
several reasons should be rewritten. Reference to the 





Bureau’s research 
should be elaborated to show how and why the ranges of temperature and time 
of heating were selected. Perhaps a better résumé could be as follows: The 











Bureau of Standards has given data on various periods and temperatures for 
heat treatment and has selected as a safe cooling range 450 to 250 degrees Cent. 
and time interval of thirty minutes. 

This interval of 30 minutes is doubtless longer than is necessary for some 
alloys and undoubtedly does render certain alloys extremely brittle, as ex- 
plained on page 880—Research Paper No. 32. There are, however, numerous 
alloys which respond nicely to this treatment and it is not so critical as the 5 
or 10-minute intervals sometimes recommended. 







To illustrate, an error of 5 
minutes overtime on a 10-minute cool of alloy A, page 345, gives a change of 
6000 pounds per square inch in proportional limit whereas the change for an 
overtime cooling of 35 minutes instead of 30 minutes would produce probably 
(no curve available) less than half the change. 





This is further emphasized 
by alloy B, page 344, where 50 per cent of the enhanced value for heat treat- 
ment is developed in 5 minutes; the remaining 50 per cent being developed 
during the next 25 minutes. From these examples we see that small errors of 
time intervals may prove very serious on the critical or short time range heat 
responding alloys unless each dentist equips his laboratory with an automatic 









time switch, or watches the time closely; whereas with the longer period he 
is not tied to such exacting time intervals. 





It would be difficult for users of 
dental alloys to meet all possible combinations of time and temperature from 
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minutes to 30 minutes and from 600 to 200 degrees Cent. which might 
recommended by the various manufacturers of this commodity. For the 
creater safety to the dentist the above intervals of time and temperature are 
selected for use until such time as agreement upon better intervals could be 
secured. 

Written Discussion: By R. B. Elliott, assistant director, research lab- 
oratories, Williams Gold Refining Co., Buffalo. 

Those associated with precious metal research are indebted to Mr. Brum- 
field for his compilations and opinions on the behavior of precious metal alloys. 

Work conducted in our laboratory* in collaboration with Dr. Walter H. 
Ellis, orthodontist, has demonstrated that no perceptible change occurs in 20 
per cent platinum spring wires, subjected to air-cooling from 1300 degrees 
Fahr., after two, three and eight months’ exposure in the mouth. This was 
shown primarily by metallographic means, secondly by physical tests. In the 
event that the properties changed, it could be traced to local cold work caused 
by the practical operation of the appliance. To theorize, heat treatment is an 
endothermic process and therefore should be unstable at room temperature, 
but the return to normalcy is so slow as to be imperceptible, and the alloy re- 
mains in a metastable state. Cold work, being a form of energy, encourages 
this forward transformation. 

Mr. Brumfield has neglected to explain the method of initial alloying in 
the case of the platinum segregation in the wrought wire he examined. At the 
time of the inception of complex platinum alloys into dentistry we were using 
gas furnaces for alloying operations, and this segregation is typical of the 
difficulties we also encountered until we adopted the method of high frequency 
induction. Since that time we have entirely obviated the trouble. In addition 
to being able to attain temperatures in the neighborhood of 3400 degrees Cent., 
well above the melting point of any of the platinum group metals, there is the 
advantage of an electromagnetic stirring of the melted metal, i. e., the pinch 
effect, both together insuring perfect homogeneity in the resulting alloy. Per- 
forming the melting operation in hydrogen, nitrogen, or even in vacuo is op- 
tional. So gratifying have our results been in this phase of precious metal 
melting that we are now endeavoring to extend the principle to the actual 
dental casting operation. 

Dental alloys in common use have melting points between 800 and 1400 
degrees Cent. When these alloys are in the molten state they must be forced 
into a mold and every possible precaution taken to prevent blow holes or other 
imperfections in the casting. With the present open flame method of melting, 
good castings are difficult to secure and the work requires great skill. 

Our scheme of adapting high frequency melting to this operation is quite 
simple. The wax pattern is invested in very dense artificial stone poured into 
a split flask. Upon the setting of the stone, the flask is removed and a crucible 
is formed in the stone directly above the wax sprue lead. Heating to 650 
degrees Cent. burns out the wax and dehydrates the mold. The invested form, 
with the correct amount of gold alloy in the crucible, is placed beneath a 
ground glass bell jar and the latter is evacuated to less than 6 millimeters 


*R. V. Williams, ‘Orthodontic Alloys,’’ The International Journal of Orthodontia, Oral 
Surgery and Radiography, Vol. XI, No. 1, January, 1925. 
























































360 [RANSACTIONS OF THE A. S. S. T. 


Febru 






pressure, indicated by a manometer. High frequency energy, radiated fro 
water-cooled coil outside the bell jar, then melts the metal over the evacuat 


chamber. The releasing of the vacuum within the bell jar forces the molten 
alloy into the evacuated form. Upon cutting out the high frequency radiat 
the alloy solidifies in situ. 

The source of high frequency current is either a vacuum tube® or a spark 
gap’ converter, the former having a frequency of about one and one-half 
million and the latter one of ca. 40,000. For melting very small amounts o 


y 
i 


metal for single tooth inlays, permitting the use of a very small inductor coil 
the higher frequency is desirable; for fusing larger amounts of metal for, let 
us say, a full denture the lower frequency is preferable, a larger inductor coil 
being used. 

Test rods have been cast of a 6 per cent platinum-gold alloy by the above 
method and found to give the following physical properties: 





Proportional Limit Ult. Tens. Strength 


Condition Lbs. per Square Inch Lbs. per Square Inch % Elongation 
Quenched 60,300 74,300 9 
Oven-cooled 118,000 123,000 l 





These show marked superiority over the properties of rods 


cast by 
oxy-gas and air pressure: 


Proportional Limit Ult. Tens. Strength 


Condition Lbs. per Square Inch Lbs. per Square Inch % Elongation 
Quenched 54,200 68,000 6 
Oven-cooled 81,500 103,000 l 


Dental cases can consequently be cast much thinner and lighter and 
still retain their necessary strength. 

Written Discussion: By R. L. Coleman, director department of metal- 
lurgy, J. M. Ney Company, Hartford. 

The paper by Mr. Brumfield presents material that should prove interest 
ing and informative to those who are interested in metals but who have not 
had occasion to keep in touch with recent developments in the precious metal 
alloy field. Little new or definite data are presented, but the paper should serve 
to bring some of the rather remarkable properties of these alloys to the atten- 
tion of possible users outside of the dental field. The bibliography appended to 
the paper will prove of real value to those desiring definite data on this group 
ot alloy S. 

As pointed out by the author some of these alloys, especially those desig- 
nated as class 2 and class 3, possess unusually high strength, proportional limit 
and ductility, with the possibility of altering these properties by heat treat- 
ment. They are also highly resistant to corrosion. Another important char- 
acteristic which was not specifically mentioned is the relatively low modulus 
of elasticity, the modulus in tension ranging from about 40 per cent to about 
60 per cent of that of steel. The combination of high proportional limit and 
low modulus of elasticity makes these materials exceptionally resilient and be 





8Technical Report No. 17192, General Electric Co., Schenectady, N. Y. 





*Bulletin 4, ‘‘Ajax-Northrup Electric Furnaces,’’ The Ajax Electrothermic Co., Tren 
ton, N. Zz. 















































Feb: u 


d fron 2 
Cvacuated 
1e molten 


radiation 


r a spark 

one-half 
nounts of 
ictor coil 
l for, let 


ctor coil 


he aboy t 


ngation 


cast by 


igation 
D 
l 


iter and 
f metal- 


interest 
ave not 
is metal 
Id serve 
e atten- 
nded to 
S group 


desig- 
al limit 
t treat- 
t char- 
nodulus 
» about 
nit and 


ind be 








PRECIOUS METAL ALLOYS 301 


DISCUSSION 





cause of this characteristic an alloy of this type has already been used fot 
esilient springs in the construction of certain precision instruments. It is be 
lieved that as the unusual properties of these alloys become more generally 
<nown other advantageous applications will be found. 

The author’s discussion of heat treatment seems unfortunate since the 
data he presents are very indefinite and his brief quotations from and _ refer 
ences to the Bureau of Standards reports do not present these reports in such 
a way that their true significance is readily understood. Most of the author's 
conclusions on the effects of heat treatment apparently are based on a few tests 
of a small group of alloys and these tests and alloys are not described in suf- 
ficient detail to permit interpretation of the data reported. For a more detailed 
discussion of this subject it is suggested that reference be made to Bureau of 
Standards Research Paper No. 32. 

In Fig. 3, two photomicrographs are presented which, according to the ac 
companying legend, show platinum segregation in a piece of wire. The pres- 
entation of these photomicrographs without further comment might easily lead 
to the assumption that this is a common type of defect in the alloys discussed. 
This was formerly true and unfortunately such defects are still to be found in 
certain types of products. However, they are not at all likely to occur when 
the best modern manufacturing methods are employed. 

Written Discussion: By E. M. Wise, research laboratory, International 
Nickel Co., Bayonne, N. J. 

The author has carefully outlined some of the important characteristics 
which must be secured to render precious metal alloys useful for dental pur- 
poses, and has qualitatively indicated the role of the numerous metallic 
components of the orthodox dental alloys. The absence of quantitative data regard- 
ing the compositions of the alloys employed by the author is, however, unfor- 
tunate in view of the fact that the proper interpretation of some of the author’s 
observations is impossible in their absence. 

The influence of the addition of various metals upon the melting point, as 

5 (Added element ) 


shown in Fig. 1, indicates that the is approximately con- 


5 (MP) 

stant for each of the several metals. Such a conclusion may be roughly valid 
for alloys containing large amounts of gold and the platinum metals, but ob- 
viously does not apply to alloys of special types, such as the solders and to 
some of the jewelry alloys, where the effect of increasing the copper may be 
to raise, rather than to lower, the melting point. In binary and higher order 
systems, characterized by a valley in the melting point composition domain, 
the influence of a variation of some one of the components upon the melting 
will change in sign at the bottom of the valley and will be zero at this point. 

The optimum composition of an alloy designed for a specific purpose 1s 
dictated by many factors other than melting point, so that with the possible 
exception of solders, it is frequently necessary to consider the melting point 
per se as a compromise between what is desired and what results from other 
considerations. 

In connection with previous metal solders, the effect of the addition of some 
of the plate being soldered upon the melting point of the solder is very. im- 
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portant. The composition of the solder, and the plate with which it is used 


Ay 


should be such that a pick up of plate will increase the melting point of the 
solder. Such a combination permits the solder to flow over the surface in a 
thin layer without unduly attacking the surface being soldered. 

The broad validity of Tammann’s generalization regarding the relation } 
tween the atomic composition and the reactivity of alloys has been seriously 
questioned by careful workers, and their criticism has not been adequately met 
In spite of this, it does appear that dental alloys should contain not less than 
some 50 atomic per cent of platinum, palladium, and gold, but not including 
silver, to give good satisfaction from the standpoint of tarnish and corrosion 
In any event, the possible effects of residual coring in the case of castings. 
and of the influence of precipitation treatments upon the composition and re 
activity of the phases present, should not be ignored when fixing the content of 
noble metal in a dental alloy. 

Palladium has well established its position as a component of dental alloys 
through many years of use and some application is being made of alloys con 
taining very large percentages of palladium with either little or no gold, so 
that its corrosion-resistance appears to be very substantial and quite adequate 
for dental service. 

Silver is useful for the several reasons pointed out by the author, and is 
likewise effective, when used in the proper amounts, in increasing the tensile 
strength of the alloy. Its low cost and moderately good resistance to coi 
rosion likewise justify its use. 

In most of the gold-base alloys the hardening is due to the atomic rear 
rangement incident to the production of Au-Cu, but it is known that alloys 
quite free from gold but containing palladium or one of its allies and copper, 
with or without silver, are very responsive to heat treatment; likewise, the 
silver-rich copper-silver alloys are somewhat responsive to heat treatment. 
Furthermore, the binary gold-platinum alloys of suitable composition are re 
sponsive to precipitation heat treatments, so that the complexity of the problem 
becomes evident arid the contribution of each element is not always clear. 

With regard to the thermal domain of existence of the phase approxi- 
mating Au-Cu, the recent work of Kurnakow and Ageew’ has indicated that 
this phase may exist at temperatures as high as some 450 degrees Cent., which 
is considerably above the value of 371 degrees Cent. indicated by the author. 
This recent work likewise indicates that some discontinuity exists in the 
resistance composition isotherms at even higher temperatures. 

Palladium, as the author states, is an effective whitener for gold-base al- 
loys, but the amount required to produce “whiteness” depends very considerably 
upon the level of whiteness required. In some cases, quantities of the order of 
20 per cent or more may be required to secure the desired color. 

Copper seems to be the most satisfactory element for inducing precipita- 
tion hardening but, as stated earlier, the platinum-gold and other platinum 
alloys precipitation harden in the absence of copper. 

The compounds Au-Cu, Pd-Cu and Pt-Cu present many analogies but do 

SN. S. Kurnakow and N. W. Ageew, “‘Physico-Chemical Study of the Gold-Copper Solid 


Solutions,”’ British Institute of Metals, Advance Copy No. 576, for presentation September 
14-15, 1931. 
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appear to be strictly isomorphous. Nevertheless, it is probable that they do 


hibit considerable mutual solubility, and that the complex compounds contain- 

- the platinum metals are more satisfactory hardeners than the simple Au-Cu 

ase. Experience has indicated that the production of very high strengths, 

upled with reasonable ductilities, requires the presence of one or more of the 
platinum group metals in the alloy. 

The recent work of Rohl upon the alteration of the modulus of elasticity of 
vold-copper alloys by the heat treatment is interesting, for his results indicate 
that the modulus of an alloy having the composition Au-Cu may be reduced by 
30 per cent through the production of the nonstatistical atomic arrangement stable 
at low temperatures. In practical dental and jewelry alloys the effect would 
be expected to be of much smaller magnitude but might be evident, and perhaps 
important, under special circumstances such as those encountered in the use of 
precious metal alloy springs for precision instruments. 

With regard to Saldau’s work on the Au-Zn alloys, in which he found 
solid-solid transformations to occur in alloys with a zinc content ranging from 
13 to 31 atomic per cent, it should be borne in mind that he placed great re- 
liance upon the changes in the electrical conductivity of the alloys with a change 
in temperature. The complicated and ill understood laws governing the con- 
ductivity of even solid solutions, much less intermetallic compounds, have been 
discussed in detail by Hume-Rothery, and further study might lead to some 
slight alteration in the interpretation of results obtained by this method. 

With regard to the high nickel content gold alloys, the great loss in cor- 
rosion-resistance which results from long-time aging was pointed out by the 
discussor some years ago,” and is a very cogent reason for avoiding such treat- 
ments in the high nickel alloys. 

With regard to the mode of heat treatment required to produce useful 
combinations of strength and ductility, the author’s observations are interesting 
and pertinent. It is evident that one heat treatment could not be expected to 
produce optimum results when applied to all classes of material, particularly 
so when the maximum temperature attained during the low temperature treat- 
ment may, in certain cases, be above the domain of compound formation. In 
this event, the hardening must occur at a lower temperature and starts at some 
point during the cooling cycle. 

The author’s observations regarding the secular changes in strength are 
very interesting, but are rather difficult to account for in alloys which require 
a considerable elevation of temperature to cause precipitation to occur at a 
useful rate. The loss in strength observed with one alloy would indicate that 
this alloy over-aged, presumably at room temperature, while the other alloy 
had not yet reached its maximum aged strength during the slow cooling treat- 

ment and continued to age at room temperature. If the analyses of these alloys 
were given, a better appraisal of these experiments would be possible. 

If these effects actually occur, it would be expected that a considerable in- 
crease in strength and hardness would be observed in alloys initially quenched 
from a high temperature and allowed to remain at room temperature for some 


°*E. M. Wise, “‘High Strength Gold Alloys for Jewelry and Age Hardening Phenomena 
in Gold Alloys,” Transactions, Institute of Metals Division of the American Institute of 
Mining and Metallurgical Engineers, 1929, p. 391. 
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time. I should like to inquire whether the author has any observations con 
cerning this latter phenomenon. 

The normal influence of even a small amount of cold work upon the age- 
hardening alloys is to considerably expedite the aging, and in practice 
age-hardening treatments are frequently applied to material which has been 
subjected to localized deformation with the result that the optimum precipitation 
treatment may differ in two portions of the same sample. In this connection, 
Kurnakow and Ageew found, by following the changes in the electrical re- 
sistance of a quenched sample approximating the composition Au-Cu, that the 
transformation appeared to start at about 125 to 150 degrees Cent. under the 
conditions of their experiments, but that the initiation of the transformation in 
a cold-worked wire appeared to start at a slightly higher temperature, ie. 
225 degrees Cent. The reason for this apparent increase in stability upon cold 
working is certainly not clear and is not in accord with the usual behavior of 
metastable systems. In their work there was a small difference in the behavior 
of an alloy reheated immediately after quenching and a similar sample quenched 
and allowed to lie at room temperature for a week before reheating. The aging 
of the sample tested immediately after quenching started at 125 degrees Cent 
and was substantially completed at 200 degrees Cent., while the sample which 
had remained at rest for a week required a temperature of 150 degrees Cent. 
for initiating the transformation which was substantially completed at 350 
degrees Cent. The presence of considerable stress in the sample tested imme- 
diately after quenching and the reduction of this stress on standing at room 
temperature might account for this behavior if the several runs were made 
under identical conditions with regard to the rate of heating. These experi- 
ments still leave the influence of cold work upon the stability of this type of 
alloy in an anomalous state which should be cleared up by further work. 

The microstructural changes accompanying aging are difficult, or sometimes 
impossible, to follow in their early stages, but if alloys be used which are 
initially homogeneous, conditions are much more favorable for observing the 
aging process than they are in badly cored samples. This is somewhat unfor- 
tunate for the thermal treatments usually employed with dental alloys do not 
lead to the initial production of very homogeneous solid solutions prior to the 
aging treatment. 

With regard to the methods employed for testing small wires, rods, etc., 
one very important factor involved is the straightness, or rather the lack of it, 
in the sample to be tested. This is rather obvious, but is perhaps not always 
appreciated. With straight wires of small diameter, the need for averaging 
the deformations occurring at both sides of the specimen is probably not great, 
and the additional weight and increase in the number of joints required for 
averaging seems hardly to be justified. A simple extensometer of the Ander- 
son type is, with a few modifications, quite suitable. 

In any case, the difficulty in determining some approximation to the true 
elastic limit (if it be greater than zero) of nonferrous alloys is considerable, 
and the personal errors are of large magnitude, so that some method for de- 
termining a value useful for design purposes is highly desirable. Variants of 
Johnson’s method have been employed by several investigators, including the 
discussor, and are doubtless useful in furnishing design data. For this reason, 











Feb: 
tions con 


n the age- 
1 practice 
has been 
ecipitation 
‘Onnection, 
‘trical re- 
, that the 
under the 
‘Mation in 
uture, ie. 
upon cold 
‘havior of 
: behavior 
quenched 
The aging 
ees Cent 
ble which 
ees Cent. 
d at 350 
ed imme- 
at room 
ere made 
e experi- 
Ss type of 
k. 
ometimes 
hich are 
ving the 
it unfor- 
s do not 
rr to the 


mds, etc., 
ck of it, 
t always 
veraging 
ot great, 
ired for 
Ander- 


the true 
iderable, 
for de- 
iants of 
ling the 
reason, 








2) DISCUSSION—FRECIOUS METAL ALLOYS 365 
um very glad that the present author has brought out the merit of the 
dified Johnson method as applied to torsion measurements. 

One source of inaccuracy which becomes increasingly important as the size 
the test sample is decreased, is the determination of the diameter of the wire. 
the area of a wire approximately 0.040 inch in diameter is to be known 
1 


ithin the limits » per cent, the diameter must be measured accurately 


within the limits = % per cent or to = .0001 inch, a limit which is considerably 


beyond the limit of accuracy of the usual micrometer. 

In the torsion device described by the author, the gage length employed 
appears to be about three quarters of an inch. It would seem that the use of 
such a short gage length would involve considerable uncertainty in determining 
the effective length of the specimen between the measuring arms. Another 
method for measuring the torsional modulus which has been used with consider 
able success by one of my associates, is that of the torsion pendulum. In this 
device the wire under test, which can be of considerable length, supports a cir- 
cular disk of known moment of inertia at its lower extremity and restrains the 
angular displacement of this disk. The period of oscillation of the system can 
be determined with high accuracy, and from this value the modulus can be 
readily computed. This method has several advantages, one of which is that 
the modulus can be accurately determined without inducing very high stresses 
in the wire being tested. By arranging this device so that the amplitude of 
angular displacement is slowly increased by properly timed impulses of low 
energy, the stress at which the material begins to dissipate appreciable energy 
could readily be determined. This value is, perhaps, as good a criterion of the 
“elastic limit” in torsion as any. By starting with a high amplitude and observ- 
ing the decrement somewhat similar results could be secured, but this procedure 
would involve some alteration in the properties of the wire, due to the high 
initial stress employed. 

Oral Discussion 


Sam Tour: I would like to ask Mr. Brumfield what proof he has that 
this hardening is due to the particular compositions which he is speaking of and 
not due to traces of other metals present. We know that many of our precious 
metal alloys are, roughly speaking, impure. The platinum alloys, for instance, 
often contain considerable of the other noble metals and very often we feel that 
these other metals are the hardening agents in heat treatment. 


Author’s Closure 


The author’s purpose in the writing of this paper was a general description 
of precious metal alloys. When specific properties of definite alloys have been 
referred to, such reference was in connection with the primary purpose rather 
than in an attempt to make a definite contribution to the knowledge of precious 
metal alloys. In view of this fact, the exact compositions of these alloys were 
not regarded as essential. 

Since, however, these omissions have caused adverse comment in the dis- 
cussion of the paper, the author has inserted the batch mix in all cases where 


definite properties of a given alloy have been referred to. 


‘Vice-President, Lucius Pitkin, Inc., New York City. 
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The implied criticism carried in the term “practically hidden alloys” 


11 ] 
u | 


in the discussion by the Bureau of Standards group deserves comment. |i 


true that most manutacturers of precious metal alloys have been reluctant { 
publish formulae of their alloys. They are justified in this attitude fron 
commercial standpoint on two counts. First, such publication exposes the 
manufacturer to cheap and unfair competition in view of the fact that. the com 
posing elements may be alloyed at low temperatures with comparatively inex- 


pensive equipment. Second, there is a marked tendency among customers to 
haggle over price on a basis of the bullion value of the alloy when composi 


tions are generally known. 


The author is at a loss to understand the comment of the Bureau of Stand 
ards group in regard to the extensometer shown, which reads: “It is also sug 
gested that those interested in securing most accurate values for percentage of 


elongation see Fig. 34 in Research Paper 32 for a double dial type extensom 
eter.” 


The author’s confusion arises from the fact that these extensometers 
are never used to determine percentage of elongation in the engineering sense 
but only for elongations slightly beyond the elastic elongation. In any case the 
averaging type single dial instrument has been long used and proved in testing 
practice and has considerable advantage over the double dial type in convenience 
and rapidity in use. There is an adjusting screw on the extensometer shown in 
ig. 5 to correct for lack of parallelism when elongations are excessive. 

The statement that shearing properties are revealed by tensile tests im 


plies rather more than the truth. In fact about the only bearing a tensile test 


ratio of true 
(not engineering) tensile and shearing strengths. Any torsion test will show 
as much concerning tensile properties. 


has on shearing properties is to show comparatively the limiting 


It is true, as Mr. Coleman and Mr. Elliott suggest, that the inference should 


not be drawn, that such segregations as shown in Fig. 4 are common in com 


mercial alloys. It was only shown to illustrate the limited use of the microscope 
in connection with these alloys. 

In regard to the possibility of heat treatment being due to obscure impur- 
ities in the alloying elements, mentioned by Mr. Tour, I would 
very remote. The first proof is given in Fig. 2. The second would be that if 
it were due to those obscure impurities in the alloying elements the heat treating 
reaction of the alloys would be very erratic, but they are not; they repeat them- 
selves time after time. 


say that was 


So certainly the heat treating reactions must be due to 
definite compositions which are very largely constant in the alloy. 

The author’s knowledge of and experience with gold alloys agrees in gen 
eral with the comments of Mr. Wise, many of which are valuable. It is true 
as Mr. Wise suggests that the relationship between melting point and added 
element does not remain a straight line throughout the range of alloying possi 
bilities. We have found the relationship nearly enough a straight line, however, 
when the range of alloying possibilities is limited, that the assumption that it is 
a straight line proves valuable for comparative purposes within the limited 
group. The fact that these relationships are not constant as between widely 
differing groups of alloys was the reason given in the paper for omitting the 
temperature scale from Fig. 1. In dental alloys it is true the melting point 1s 
not of controlling importance, yet there is usually a fairly definite limit for 
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ye Used E ting point of these alloys, both upper and lower, fixed by the practicalities 
- at is their use. 

en ue rhe comment that there is a desirable relationship between the composi 
trom ys of the plate and the solders which are used with it is true. The average 
we he ; manufacturer of dental alloys, both solders and plates, has little opportunity to 
he om : ‘ke these relationships effective, however, because of lack of knowledge of or 
ly inex- ‘fluence in the use of his materials by the consumer. Other factors such as 
mers to 


ldering temperature, bulk of plate and time of completing the operation may 
omposi ffect results to such an extent as to submerge the most ideal relationships. 
; } lhe author is in agreement with Mr. Wise that a precious metal content 
Stand 50 per cent or more on an atomic basis, is not an infallible criterion for re- 
So sug sistance to corrosion in the mouth. He has in mind one alloy consisting of 
tage of itomic percentages Au—58.2 per cent, Ag—22.6 per cent and Cu—l19.2 per cent 
fensom veainst which a number of definite complaints of mouth corrosion were regis 
meters tered. Another alloy consisting of atomic, Au—32.4 per cent, Ag—45.8 per cent 
S Sense and Pd—21.8 per cent is apparently giving satisfactory service, judged by the 
ase the absence of complaints. In the case of the latter alloy, the precious metal con 


cesting tent exclusive of the palladium is considerably below the limit set of 50 atomic 


— per cent. Replying to the query by Mr. Wise, the author has made no experi- 
own in ments to determine possible changes in strength of quenched alloys resulting 
from a period of rest after quenching. 
its im The point which Mr. Wise makes that test wires should be straight is well 
ue eee taken. Considerable thought and effort is justified in order to maintain 
r a straightness during the heat treating process. A curvature of about 25 inches 
show 


radius in a test wire of 0.035 inch diameter induces bending stresses in the 


wire at about 5000 pounds per sq.in. maximum, on straightening during test 


sh ' ss at 
ould ing. Such stresses would not however affect the proportional limit by this 


— amount because of their nonuniform distribution. Short bends in the test speci- 
ee men are not as important as curvature which extends through the test piece. 

The comments in regard to the accuracy of diameter measurements neces 
rn: sary to obtain errors in diameter not greater than = ™% per cent are true of 
7 = course. It is questionable however whether this degree of accuracy is justified 
lat it 


in obtaining results which are to be used essentially for engineering design 
eating bins . . 
S purposes. Other uncertainties connected with their use are much greater than 


them- the approximately one per cent error in area of test piece resulting from the 
lue to * 4 per cent error in diameter. 
The torsion device shown will test on gage lengths up to 6 inches. The 

oo author usually uses gage lengths of about 1 inch. There is possibly an error 
+ rue of as much as one per cent in measuring such gage lengths. The author is 
added opposed to gages of too great length for torsion testing because of column ac- 
- tion resulting from the induced compression stresses. For our purposes the pro- 
rors portional limit in shear which is unaffected by gage length is more important 
| xt - than modulus of elasticity. 
mited The pendulum device described by Mr. Wise for obtaining shearing moduli 
videly Re Ee ' he aa 

: is interesting. Judging from comparisons of results obtained on materials for 
5 oe static tests and impact tests, the question arises as to whether results obtained 
“tem with a constantly varying load such as the pendulum applies would be directly 
or 


comparable to those obtained from static load tests. 











BEHAVIOR OF SOME IRONS AND STEELS UNDER 
IMPACT AT LOW TEMPERATURES 


By 





ROBERT SERGESON 


y lbstract 


This paper gives the results of testing, under wpact, 
certain trons and steels at low and subzsero temperatures. 
For this purpose the Charpy impact testing machine was 
selected because of its ease and quickness of operation. 

In general as the subzero temperatures are approached 
the impact values fall rapidly for notched wrought iron, 
carbon and alloy steels, with exception of the 3% and 5 
per cent nickel low carbon. Introduction of nickel into 
the spring steels increases their resistance at low tempera- 
ture. The austenitic type of stainless tron ts only slightly 
affected by subzsero temperatures. 

















TT" SE responsible for the designing and manufacture of the 
present day mechanical equipment are careful to understand, 
not only the chemical analyses of their materials, but also the physical 
characteristics. Perhaps this is shown most vividly in aviation. Both 


of the polar regions have been conquered by the air, and recently man 









has reached an altitude of ten miles. Certainly to accomplish such 
feats, the machines used have been subjected to extremes in tempera- 
tures. Railroads and the automobile each year push further in to the 
colder climates, and hence these industries have become alive to the 
effect of temperature changes on their equipment. 

It is the purpose of this paper to present certain data with re- 
gard to impact properties of certain irons and steels at low and sub- 
zero temperatures. These data represent a summation of work done 


from time to time, and are not from a single investigation. The 












Charpy machine was selected for this work because of the rapidity 
with which tests may be carried out. Tests may be removed from 
the heating or cooling media and broken within two to three seconds. 
The Charpy machine used had a capacity of 305 foot pounds. Unless 
otherwise stated, all impact tests were 0.394 inch square by 2.1605 





\ paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1951. The author, Robert Sergeson, is a membe! 
of the society. He is associated with the metallurgical laboratories of the 
Republic Steel Corp., Canton, Ohio. Manuscript received June 19, 1931. 
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es and notched with a special cutter having the same radius as 
indard drills commonly used. The area below the notch was 
widard. 

\lthough the essential result obtained in impact testing is a 
measure of the energy absorbed by the test specimen while under 
voing rupture or certain deformation, there is an additional factor 
which also should be considered, namely—the percentage of unbroken 


area. Lhis was suggested by Mr. Miller. For example, two steels 


may show the same impact resistance in foot-pounds, and yet one 


may be broken completely while the other may be held together ly 
twenty per cent of area under the notch which remains unbroken. 
Certainly the latter specimen distributes the force of the impact to a 
creater degree than the former. In this investigation the unbroken 
area was determined in the following manner. ‘The fracture of the 
partially broken Charpy test was heat tinted, the test was then cooled 
and completely broken. The area of the fresh fracture was estimated 
visually for the percentage of unbroken area.” The data presented 


is discussed in the following sequence : 


Section 1. Wrought iron and some low alloy steels 

Section 2. Carburized and hardened wrought iron, carbon 
and alloy steels in unnotched state 

Section 3. Heat treated spring steels 


Section 4+. Certain stainless irons. 
SECTION | 


Table I lists the analyses of specimens investigated in this sec- 


Table I 
Analyses of Specimens Tested 


Man Phos ( hro Molyb 


Type Carbon ganese Sulphur phorus Silicon mium Nickel denum 


Per Cent Nickel 0.04 0.12 0.021 0.019 0.005 Ce fae 2.06 
Carbon-Manganese 0.22 1.04 0.04 0.081 0.07 Lees Pevahe 
Nickel Molybdenum 0.15 0.44 0.02 0.018 0.24 0.08 0.66 
S.A.E. 2115 0.144 0.42 0.02 0.016 0.24 0.09 1.49 
Wrought [ron Engine bolt 
Wrought Iron Chain bolt 


Miller, metallurgist, Republic Steel Corporation, Central Alloy Division, C; 
Ohio 


No bibliography is given on impact data as this is covered in the preprint of 
Symposium on Effect of Temperature on Properties of Metals,’’ held in Chicago, June 2 
, issued jointly by the American Society for Testing Materials and the American 

y of Mechanical Engineers. 
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tion. The specimens tested at low temperatures were immersed 
a bath of methyl alcohol cooled with CO, snow to the desired tem- 
perature. The specimens were held thirty minutes at temperature 
and then broken. In this series, tests above room temperature were 
immersed in boiling water. Five specimens were broken at each 
temperature and curves drawn from the average of the readings. 
fore machining into impact test pieces, these materials were given the 
following heat treatments in 34-inch round by 14-inch lengths. 


Brin l] 
Hardness 

2 Per Cent Nickel Iron Normalized from 1625 degrees Fahr. 108 
Carbon- Manganese Normalized from 1625 degrees Fahr. 130 
Carbon- Manganese Water-quenched 1625 degrees Fahr. 

Tempered 1250 degrees Fahr. 185 
Carbon-Manganese Water-quenched 1625 degrees Fahr. 

Tempered 900 degrees Fahr. 237 
Nickel Molybdenum Water quenched 1625 degrees Fahr. 

Tempered 1250 degrees Fahr. 114 
Nickel-Molybdenum Water-quenched 1625 degrees Fahr. 

Tempered 1000 degrees Fahr. 159 
3.44.m. 2315 As-Rolled 130 
3.4.5. 2413 Water-quenched 1625 degrees Fahr. 387 
S.A.E. 2115 Water-quenched 1625 degrees Fahr. 

Tempered 600 degrees Fahr. 340 
S.A. 2115 Water-quenched 1625 degrees Fahr. 

Tempered 1200 degrees Fahr. 175 
Wrought Iron Engine Bolt As-Rolled 130 
Wrought Iron Chain Iron As-Rolled 96 








The results of the above heat treatments on the different types are 
shown by the curves in Figs. 1, 2, 3, 4 and 5. From these curves it 
is seen that the 2 per cent nickel iron shows high notch toughness 
throughout the range tested. The carbon-manganese steel and 
wrought iron specimens both showed a marked falling off in impact 
values as the temperature fell below +32 degrees Fahr. It is evi- 
dent that these types are not suitable for parts which are subject to 
heavy shock and exposed to winter weather. 

The nickel-bearing types, nickel-molybdenum and S. A. E. 2115 
showed excellent impact values even at temperatures well below zero. 
It is interesting to note that in the case of the S. A. E. 2115 series 
the impact values may be varied widely. The as-quenched specimens 
due to high internal strain show low impact values, while the 
quenched and tempered (1200 degrees Fahr.) specimens show high 
values. It is regretted that the tests on this latter analysis were 
completed without observing the percentage of unbroken area. The 
2 per cent nickel iron showed an unbroken area of 20 per cent 
throughout the range of temperature used and the nickel-molybdenum 
steel likewise except below —30 degrees Fahr. 





%/inhroten Area _ Impact Foot Pounds 


feet tt eed 


% Unbroken Area , impact foot Pounds 





_— 


ebru B 4932 IMPACT TESTS AT LOW TEMPERATU 


rsec| 
d ten 


eratut 


8 


Cc were 


$ 


it each 


‘Ss. Ke 


8 


yen the 


>. 


~ 
=) 


we | 
“% Unbroken Aree 
| 








Brinell 
lardness 


% Unbroken Ares, /mpact foot Pounds 


Ss 





ave “50. 0 +50 
3 i . . , 
we $ 9 Fehrenhert Fig. 2—Charpy Notched Impact 
; Fig. 1—Charpy Notched Im- Tests on Carbon-Manganese Steel. Car- 
Tests on 2 Per Cent Nickel bon 0.22, Manganese 1.04, Silicon 0.07. 
Carbon 0.04, Manganese 1. Normalized 1625 degrees Fahr., 130 
», Nickel 2.06. Normalized 1650 Brinell. 2. 1625 degrees Fahr. Water, 
degrees Fahr. Brinell 108. 1250 degrees Fahr. Air, 185  Brinell. 
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The Canadian railroads have taken advantage of these prop 















and use many nickel-bearing steels on their locomotives, e.g., sta 


bolts, engine bolts, boiler shells, ete. 
That wrought iron is notch-brittle at low temperatures is ce 


erally known and guarded against by those who use chain. . The f: 


L A 
tures of the wrought iron impact tests were examined to note the tyr, 
of break at fracture. Photomicrographs of specimens broken at 
degrees Fahr. and 72 degrees Fahr., also photographs of the fra 


tured Charpy tests are shown in Fig. 6. The specimens broken at loy 
temperatures show the fracture to proceed along the grain boundaries 
with practically no distortion of adjacent grains. At room tempera- 


ture and above, considerable distortion of erain is in evidence. 






SECTION 2 


Many carburized and hardened parts are required to withstand 













impact under varying temperature conditions. In view of this a 
series of tests were run to determine which grades of steel give the 
best impact resistance. The chemical analyses of the materials 
tested are shown in Table If. Unnotched Charpy tests were machined 
trom hot-rolled bar stock and ground to 0.400 inch square. These 
specimens were subjected to the heat treatment shown in Table III, 
and then ground to 0.394 inch square to clean up after treatment, 
thus removing about 0.003 inch from surface of case on all sides. 
\ll tests were water-quenched and due to being unnotched, no crack- 
ing occurred, 


Four impact specimens from each type were broken at 212, 75, 












32, —16 and —70 degrees Fahr. All specimens were held 1 hour at 
temperature before being tested. Fig. 7 shows the results plotted 


from the average of four readings. 

Fig. 8 shows one broken half of each half tested at 75 degrees 
Fahr. A group of tests from the 5 per cent nickel, 2 per cent nickel, 
plain carbon and wrought iron were arranged to show the difference 
in appearance of fracture with changing temperature. See Fig. 9 
It will be noted from the chart that the plain carbon steel had a resist- 
ance of 45 ft.-lbs. at 212 degrees Fahr., but drops to 8 ft.-lbs. at 75 
degrees Fahr. Examination of the fractures show a change from 
tough grain to a crystalline grain. The 2 per cent nickel iron remains 
tough at —16 degrees Fahr., but is crystalline at —70 degrees Fahr. 
Wrought iron is fairly tough at 75 and 212 degrees Fahr., but 
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) degrees begins to show a crystalline structure at 32 degrees Fahr., and 


it nickel, is completely crystalline with low impact resistance values at lo 


ference degrees Fahr. and —70 degrees Fahr. The 5 per cent and 3% per 
Fig. 


; 


cent nickel steels remain tough all through the temperature range 
a resist examined. The remaining types were crystalline when broken below 


bs. at /) 32 degrees Fahr. 


ge fron SECTION 3 
remains 
es Fahr. From previous work it has been shown that the introduction of 
a nickel in steels increases their resistance to impact at low tem- 
peratures. The following work was conducted to determine the effect 
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Fig. 7—Charpy Notched Impact Tests on ( 
Case Hardened Steels. All in Hardened State. 
1. S.A.E. 2512; 2. S.A.E. 2315; 3. 2% Nickel 
iron; 4. S.A.B. 6215: S. S.A. 3115: 6: 
S.A.E. 4615; 7. 1.25 Chromium; 8. S.A.E. 
5215; 9. S.A.E. 1020; 10. Wrought Iron. 
Key No. 
3 Ui 
Ft.-Lbs. ; 
54 8 82 23 55 20 12 26 33 27 
Material S 
2% Ni. 1020 2512 4615 2320 hao Gr.. sto Cr. 3115 6115 W.I. Pp 
Fig. 8—Charpy Impact Tests Showing Half of Each Bar. N 
of introducing nickel into spring steels. Table IV lists the pre- 
liminary analyses tested. 
Tests were machined to 0.394 inch square by 2.165 inches long 


and left unnotched. All types were quenched in oil from above 
their respective critical temperatures and tempered to 387 Brinell 
hardness. This is the low-side hardness value for leaf springs. It 
was found by trial that only the carbon steels could be broken, 
others being too strong for the capacity of the Charpy machine. 
[Izod notches were then cut in the test bars so that notch and the 


1e pre- 


es long 
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gs. It 
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achine. 
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IMPACT TESTS AT LOW TEMPERATURES 


Table Il 


Man Molyb 
Carbon ganese Chromium Nickel denum Vanadium 
0.12 0.41 aha iont 5.07 
0.13 0.49 > 3.47 
Nickel Iron 0.04 0.12 a. 2.06 


0.135 0.47 0.95 


0.155 0.51 1.24 
0.17 0.45 ii 1.59 
‘hromium 0.16 0.46 


§215 0.155 0.53 


S.A.E. 
S.A.E. 1020 0.16 0.46 
Jouble Refined Wrought Iron 


Carburizing 
Temp. 


Degrees Fahr. 


1650 
1650 
1650 


1650 
1650 
1650 
1650 
1650 
1650 
1650 


Table III 


Tempering Case 
Requench Degrees Depth Rockwell 
Degrees Fahr. Fahr. Inches “C” Scale 
1375 300 0.030 
1400 300 0.022 
Quenched No 0.030 
from Pot 
300 0.021 
300 0.022 
300 0.026 
300 0.022 
300 0.026 
d 300 0.030 : 
Quenched No 0.027 50 
trom Pot 


The 2 per cent nickel iron and wrought iron were carburized 1 hour longer than othes 


1 


pes, because as a rule they do not absorb carbon quite as fast as regular steels. 


Carbon-Chromium 
Chrome-Vanadium 
Chromium- Nickel 
Molybdenum 
Silico- Manganese 
Plain Carbon 
Nickel-Molybdenum 


Type 

Plain Carbon 
Chromium 
Carbon-Silicon 
Chrome- Vanadium 
Chromium- Nickel- 

Molybdenum 
Silico- Manganese 
Nickel- Molybdenum 
Nickel-Silicon 


Table IV 


Molyb Vana 

Carbon Manganese Chromium Nickel denum dium 
0.50 0.70 1.00 sees eeee ceee 
0.45 0.82 1.03 baie Vien 0.17 


0.55 0.56 0.75 
Not analyzed 

Not analyzed 

0.50 0.45 


Table V 


Cai Man Sul- Phos Sili- Chro Molyb- Vana- 
bon ganese phur phorus con mium Nickel denium dium 
1.02 0.3 0.022 0.015 0.01 . 
0.49 0.85 0.022 0.022 0.15 1.14 
1.00 0.3 0.020 0.017 0.39 oe 
0.48 0.9 0.017 0.021 0.10 1.09 


0.51 0.60 0.026 0.017 0.25 0.95 
0.55 0.77 0.028 0.024 1.88 
0.51 0.47 0.02 0.018 0.20 
0.50 0. 0.018 0.020 0.93 
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IMPACT TESTS AT LOW TEMPERATURES 


uunt of metal beneath it was standard for Izod tests. ‘The tests 
were broken on the Charpy machine at four different temperatures 
and results recorded in Fig. 10. To recheck these preliminary results 


second series of tests was run in which a larger number ot steels 


vere investigated. Table V gives analyses of steels tested. 


A 


al 


These steels were rolled from 2'%-inch square billets to regulat 
| g 


S 


No. 3 gage by 2 inches wide spring section. ‘The chromium steel 


Steel: 


Fal I 


pring was taken from stock already rolled which was No. 3 gage 


S 


but 15¢ inches wide. Thus the steels could be said to all have had 


rees 


Nickel 


an equal amount of rolling effect. The test specimens were 0.250 


¢ 
> de 
hr 


I 
I 


inch by 0.395 inch by 2.165 inches long. [itty pieces of each steel 


were treated. The heat treatment was arranged to give a Brinell 


Right 


hardness on the high side except for the carbon steel which was 


to 


drawn to a lower Brinell number to improve the impact resistance, 


Left 
] 


if possible. The specimens were held 30 minutes at temperature 


} 


Up 


before quenching in oil and all were tempered by holding 45 min 


Ww 


utes at temperatures. The following treatments were given. 


Re 
i 


Materials 


Quenching Tempering 
Tempet lempet 
ature ature 
Degrees Degrees Brinell Brinell Number 
Key No Type Fahr. Fahr. Numbet As-Rolled 


Plain Carbon 1550 750 387-418 69 
Chromium 1850 850 $18 269 
Carbon-Silicon 1550 800 130-444 302 
Chromium- Vanadium 1550 S00 144 302 
Chromium-Nickel-Molybdenum 1550 800 +44 351 
Silicon- Manganese 1550 800 $44 286 
Nickel-Molybdenum 1550 750 418-43 248 
Nickel-Silicon 1550 750 144 262 


ttom 


ym Be 
k thr 


~ 


lt 
tre 
es 


Four 


Test Starting 


Test Bars of 
rf 


Five impact test specimens were broken at each temperature 


vact 
! 


Temperaturs 


(212, 150, 75, 12, —15 and—50 degrees Fahr.). The averages 


Imy 


Fahr 


of these were plotted as shown in Fig. 11. The nickel molybdenum 


and nickel-silicon steels gave the best test results. On the Canadian 


ree 


leg 


National Railway carbon steel springs have been replaced on cer- 


ad 


tain front end locomotive engine trucks with the nickel-molybdenum 


ought Iron 


analysis. These springs have been in service during the past winter 


VW 


without any reported failures. 


Fractured Ends of Charpy 
and 6, 


SECTION 4 


g 
512 Steel; 


As the chief feature of the stainless metals is to resist one or 
more forms of corrosion it is to be expected that in many cases they 
will be subjected to the weather or other greater extremes in tem 


perature. Hence the following stainless materials shown in ‘Table 
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Fig. 10—Charpy Notched Impact Tests 
(Izod Notch) on Spring Steels. Test Bar 
Size 0.394 Inch Square by 2.165 Inch Long. 
Notched After Heat Treatment. All Bri- 
nelled 387. 
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Fig. 11—Charpy Unnotched Impact Fig. 12—Charpy Notched Impact Tests 
Tests on Heat Treated Spring Steels. Test on Enduro KA2. Carbon 0.08, Chromiun 
Bar Size 0.260 Inch by 0.335 Inch. Brinell 17.52, Nickel 9.17. 

Numbers: 1—378 to 418; 2—418: 3—430 to 1. 1950 degrees Fahr. Water, Brinell 
444; 4—444; 5—444; 6—444; 7—418 to 143. 
430; 8—444. 2. 1950 degrees Fahr. Water and Cold 


Drawn, Brinell 212. 
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Fig. 13—Charpy Notched Impact Tests on Enduro 
AA. Carbon 0.08, Silicon 0.50, Chromium 17.95. 

1. 1500 degrees Fahr. Air-Cooled, 149 Brinell. 

2. 1500 degrees Fahr. Air-Cooled and Cold Drawn, 
Brinell. 
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IMPACT TESTS AT LOW TEMPERATURES 


Impect root Pounds 
Impect Foot Pounds 








- 900 +100 200 500 
Degrees Fahrenheit 


Fig. 14—Charpy Notched Impact Tests Fig. 15—-Charpy Notched Impact Tests on 
Enduro S. Carbon 0.10, Chromium 13.31. Stainless lrons. 

1. 1500 degrees Fahr. Furnace, 1200 1. Enduro KA2, 1950 degrees’ Fahr. 

legrees Fahr. Air, 146 Brinell. Water. 2. Same as 1 Cold Drawn. 3. En- 

1500 degrees Fahr. Furnace, 1200 duro AA Annealed. 4. Same as 3 Cold Drawn. 


legrees Fahr. Air and Cold Drawn, 179 5. Enduro S Annealed. 6. Same as 5 Cold 
Brinell. Drawn. 


Vl were studied for their impact properties at low temperatures. 
These materials were studied in treated and in the cold drawn condi- 


Table VI 


Carbon Manganese Sulphur Phosphorus Silicon Chromium Nickel 
0.08 0.46 0.018 0.020 0.50 1 
0.10 0.45 0.014 0.022 0.35 1 
0.08 0.35 0.013 0.019 0.57 l 


7.95 
31 eum bis 
52 9.17 


3. 
‘ 


tion. Bars 144, inch round were obtained in each analysis in the 
hot-rolled state ; these were then heat treated as follows. 
Key No. Type 
KA-2 1950 degrees Fahr. Water quench to Brinell 143. 
CA-2 1950 degrees Fahr. Water quench and Cold Drawn j,-inch Draft 
Brinell 212. 
1500 degrees Fahr. Air Cool to Brinell 149. 
1500 degrees Fahr. Air Cool and Cold Drawn yy-inch Draft 
Brinell 174. 
1500 degrees Fahr. Furnace Cool 1200 degrees Fahr. Air Cool 
Brinell 146. 
1500 degrees Fahr. Furnace Cool 1200 degrees Fahr. Air Cool and 
Cold Drawn ys-inch Draft—Brinell 149. 


Charpy notched impact test specimens were machined from the 
center of the above treated types and two specimens were broken at 
each temperature investigated. Figs. 12, 13 and 14 show curves plot- 
ted from the average of the two readings. If results were not reason- 
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Fig. 16—Photomicrograph of KA2 Quenched in Water from 1950 degrees Fahr. and 
then Cold Drawn. x 100. 

Fig. 17—-Photomicrograph of Enduro AA Air-Cooled from 1500 degrees Fahr. and 
Cold Drawn. 100. 

Fig. 18—-Photomicrograph of Enduro S Furnace-Cooled from 1500 degrees Fahr., 1201 
degrees Fahr. Air-Cooled and Cold Drawn. x 100. 


ably close additional tests were run. The values however, except 
in few cases, checked within 2-4 ft.-lbs. Fig. 15. 


The structures of these types were examined in both treated and 
cold drawn state. In the case of the AA and S the cold drawing 
has not altered the structure while in case of the KA-2 the cold 
working is shown plainly. Photomicrographs of the cold drawn 
bars are shown in Figs. 16, 17 and 18. 


The KA-2 austenitic types after being fractured were tested at 
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IMPACT TESTS AT LOW TEMPERATURES 351 


fracture with a delicate magnet and were found to be increas- 
ly sensitive to the magnet as the specimens were broken in order 


0, —30, —70 and —100 degrees Fahr. The fractured speci 


ens broken at 212 and 350 degrees Fahr were nonmagnetic at the 


fracture. The phenomenon is probably due to the fact that as the 
temperature falls the stress concentration becomes localized at the 
notch and the greater the cold work locally at the point of fracture, 
the more magnetic. Microscopic examination gave no evidence ot 
martensite forming even at the lowest temperature. [Excellent tough 
ness is shown by tiis type throughout the range tested. 

The type AA shifts the curve to the right and the crystalline 
fracture and brittleness is not removed until the temperature of 350 
degrees Fahr. is approached. Hence this type should be used at 
slightly elevated temperatures if subject to shock. Such an applica- 
tion has been tried with this type (with silicon at 1 per cent) in 
locomotive firebox side sheets. After 72,000 miles the sheet was in 
perfect condition but on shop Inspection was found to be cracked 
at staybolt holes. This was caused by the driving of bolts while the 
sheet was cold. A second set of side sheets are now being tested 
in service. These have served for approximately 24,000 miles. When 
staybolts are renewed or sheets are to be hammered to remove scale 
deposits, the sheets should be heated first to approximately 300 de 
erees Fahr. at which temperature the steel is tough. 

Type S shows intermediate values and falls off rapidly as zero 
temperature 1s approached. Cold working lowers the impact resist- 
ance and shifts the curve to the right. The amount of shift probably 
depends upon the amount of cold work. 


SUMMARY 


Properly treated nickel-molybdenum (0.15 per cent carbon), 
S.A... 2115 and 2 per cent nickel iron show excellent notched impact 
resistance at subzero temperatures. Wrought iron and carbon- 
tianganese steel show a marked falling off in notched impact resist 
ance as zero degrees Fahrenheit is approached. 

Unnotched carburized and hardened specimens of various car 
hurizing grades when tested under impact show that the 5 per cent 
and 3% per cent nickel steels and the 2 per cent nickel iron possess 
superior qualities, especially at the subzero temperatures. 


Of the various spring steels, namely; carbon, carbon-silicon, 
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chromium, chromium-vanadium, silico-manganese, chromium-nickel- 
molybdenum, nickel-molybdenum and _ nickel-silicon, the latter two 
show the highest impact resistance throughout the temperature rang 
examined. The carbon steel showed lowest. 

Of the stainless irons studied, the KA-2 showed excellent im 
pact resistance even to —100 degrees Fahr. The type AA shows a 
decided brittleness until temperature is raised to 350 degrees Fahr, 
at which temperature toughness is gained. The type S lies in between 


the KA-2 and AA. 
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DISCUSSION 


Written Discussion: By J. F. Cunningham, superintendent enginee: 
ing testing laboratories, Civil Engineering Dept., University of Manitoba, Win 
nipeg, Canada. 

This excellent paper giving physical properties in impact at sub-zero tem- 
peratures of a large range of irons and steels adds greatly to the small amount 
of data available on the subject. It also shows the value of gathering periodi- 
cally, under one heading, the figures obtained from time to time. 

It is not possible to compare actual results as all the writer’s information 
is obtained with an Izod machine. Prof. Moffatt’s' figures do show that resis 
tance to impact at low temperatures is higher for heat treated alloy steels than 
for plain carbon steels, when used for castings. Also that down to —36 de- 
grees Fahr. (—38 degrees Cent.) a decrease of 10 to 11 per cent resistance 
to impact was found for steels containing 1.56 per cent nickel and 0.10 per 
cent vanadium and 2.69 per cent nickel respectively, whereas other alloys showed 
a decrease of 29 to 32 per cent. 

The writer would not feel confident in using the results given in Fig. 1, 
as in no case of the many analyses of irons and steels in various physical con 
ditions tested has he found the impact resistance increasing with decrease ot 
temperature but always vice versa. The addition of nickel to iron should raise 
the impact values but the trend of the curve might be expected to remain 


the same. 


Fig. 2 compares well with attached curves reproduced from Prof. Moffatt’s 


work but the writer still considers that there is a low resistance or cold brittle 
point between the increments of temperature given. 











1R. W. Moffatt. 


, “The Effect of Low Temperatures upon the Impact Resistance ot 
Steel Castings,” 


Canadian Journal of Research, Vol. 2, May, 1930. 
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DISCUSSION—IMPACT TESTS 
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[zod Impact kesistence, /t-Lbs. per HM. 


60 4 2 0 2 “0 -60 
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The curves on stainless irons are interesting and the conditions reached 
should be very useful to the designer. 

Written Discussion: By C. C. Henning, metallurgist, Pittsburgh 
Works, Jones and Laughlin Steel Corporation. 

Mr. Sergeson’s paper contains some very interesting data on the important 
subject of the behavior of various steels under dynamic stresses at low tem- 
peratures. The data, as the author points out, represents a summary of work 
done from time to time and is not from a single investigation. The material 
used, therefore, was probably steel that was available and, consequently, was 
perhaps not always entirely representative of the grade. 

It appears to the writer that at least this might have been true of the 
carbon-manganese steel. On this sample Mr. Sergeson has based his state- 
ments that carbon-manganese steel showed a marked falling off in impact 
values as the temperature fell below 32 degrees Fahr. and has concluded that 
this type is not suitable for parts which are subject to heavy shock when ex- 
posed to winter weather. 

Analysis of this steel as given in Table I shows manganese 1.04 per cent 
which could hardly be classified as representing what is properly known as a 
carbon-manganese grade steel. The carbon-manganese grades usually contain 
a manganese content of 1.25 and over. Also 0.081 per cent phosphorus con- 
tent is reported for this steel as compared to values under 0.020 per cent for 
the other grades involved. If this is the actual phosphcrus content of this 
steel it would seem to us that this element offers far more reason for the drop 
in impact resistance at low temperatures than does the manganese content. We 
might suggest also that for a basic open-hearth steel to show a phosphorus 
content of this order would be evidence of improperly made steel and it would 
be manifestly illogical and improper to indict the carbon-manganese steels on 
the basis of steel represented by the analysis shown. 

A recent investigation of the impact qualities at low temperatures of a 
carbon-manganese steel, 0.10 to 20 per cent carbon, 1.25 to 1.55 per cent manga- 
nese, 0.04 per cent phosphorus, 0.075 to 0.150 per cent suiphur, revealed desir- 


ably high and uniform Izod results on tests made within a temperature range 















354 TRANSACTIONS OF THE Febr 





of 80 to —110 degrees Fahr. These tests were not heat treated but repres: 









hot-rolled material. A comparison of the average Izod impact results obt 


on this carbon-manganese steel and S.A.E. 1020 grade is shown below. 


Temperature of Energy Absorption in Foot Pounds 
Tests S.A.E. 1020 Carbon-manganese Gr: 

80 degrees Fah 19 5! 

0 degrees Fahr 50 62 

10 degrees Fah 10 61 


[t is evident that under the conditions of this particular investigation superi 


results were obtained on the standard carbon-manganese grade over the plair 





carbon steel with normal magnanese content which suggests that the element 









manganese within the range indicated above is beneficial toward the performance 
of steel under impact at low temperatures. 
G. H. Wricut:' I would like to ask Mr. Sergeson if the failures in service 


were of a progressive type or of a sudden rupture type? 


J. C. Hopce: Some time ago we were called upon to investigate th: 
physical properties of metals at a temperature of 110 degrees Fahr. (—80 
degrees Cent.). The following metals and alloys were investigated: (1) 0.20 






to 0.30 per cent carbon steel (firebox plate), (2) low carbon weld metal, (3 
copper, (4) nickel, (5) monel metal, (6) Nirosta 18-8, (7) aluminum, (8 
duralumin. The impact resistance at 110 degrees Fahr. of the two low car 






bon steels as represented by the firebox plate and by the weld metal was neg 


ligible, representing but 3 to 5 per cent of their impact resistance at normal 





temperatures. All of the other metals and alloys on the other hand maintained 















their impact resistance at 110 degrees Fahr., in fact the impact resistance ot 


copper at the low temperatures was twice that at normal temperatures. 


Author’s Closure 





[ wish to thank Mr. Cunningham for his helpful discussion. It is pleasing 
to learn of Dr. Moffatt’s results with alloy castings indicating the effect oi 
nickel. The curve of the 2 per cent nickel iron (Fig. 1, page 371) does show an 
upward trend as the temperature decreases. This, however, is again show: 
when testing the same analysis in the carburized and hardened state, see Fig. 7 
This rise is not excessive and may or may not be a characteristic of the iron. Addi- 
tional tests were not made to check this trend as only the general characteris- 
tics of the iron were desired at the time of testing. 

Mr. Henning’s comments are indeed appreciated and I am very glad he 
has come forward to defend, and correct, the impression given, regarding the 
carbon-manganese steel. The high phosphorus content of steel given in this 








paper was responsible to a major extent to the low impact values. The values 
shown by Mr. Henning certainly suggest that the various carbon ranges ol 
the manganese steels be investigated. 

In reply to Mr. Wright’s question I would say that most all spring fail 
ures that I have seen have been progressive or fatigue breaks, unless the mat 
rial, of course, was badly mistreated. 


Mr. Hodge’s statements are of general interest and a valuable contribution 









‘Testing laboratories, General Electric Co., Schenectady, N. Y. 





Babcock and Wilcox Company, Barberton, Ohio. 
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NATURE OF ABNORMAL GRAIN GROWTH IN HIGH 
SPEED STEEL 


By G. R. Bropuy AND R. H. HARRINGTON 


Abstract 





New data shows that the coarse-grained structure, 
formerly termed “fish-scale” or “marble fracture,” 1s 
caused by application of the general laws for the produc- 
tion of abnormal grain growth. Strains of varying de- 
gree have been studied in relation to this abnormal grain 
growth. These strains are probably the result of compo- 
sition gradients occurring in the cored grain structure. 
The brittleness of the coarse-grained material is excessive 
without any material difference in hardness from the nor- 
mally hardened steel. It appears as if the utility of high 
speed steel as a tool material depends upon its hetero- 
geneous character. 





















N a previous publication’ it was shown that fish-scale is but an 
example of abnormal grain growth in critically strained austen- 
ite. A brief review of the more salient points is pertinent. 

It was found that strains might be produced in austenite by 
heat treatment or by mechanical work above certain minimum tem- 
peratures, and that subsequent heating to some elevated temperature, 
termed the germinative temperature, caused a rapid and excessive 
growth of grains. The extent to which growth occurred, or the 
size of grains, was dependent upon the degree of strain produced. 
The best insurance against this defect was found to be thorough 
annealing just previous to the hardening. 

Since it has been established that this fish-scale, or marble, frac- 
ture is abnormal grain growth it seems well to refer to it, in the 
future, by its rightful name. 

The present paper describes an extension of the original work 
and brings out further proof. Some interesting and unexpected re- 


'G. R. Brophy, R. H. Harrington, A. W. Merrick, “Occurrence of Fish-Scale in High 
Speed Steel,” Transactions, American Society for Steel Treating, Vol. 18, 1930. 













A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25. 1931. The authors are members of the 
society and are associated with the research laboratories of the General Electric 


Co., Schenectady, N. Y. Manuscript received June 16, 1931. 
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versals of tendencies have been found which lend themselves to in 
triguing speculations. 


MATERIALS USED 





Since grain growth is most common to the lower tungsten high 
speed steels, this work was limited by choice to data obtained from 
the 14 per cent tungsten class. Two steels were used, each from a 


<i RSs 


ie 
Bes 


different source; one contained 2 per cent vanadium, 3¢-inch square, 
and the other 1 per cent vanadium, %-inch square, with chromium 
about 4 per cent in each. 





ProGRAM OF HEAT TREATMENTS 











Since the phenomenon we are dealing with is one of grain 
growth, it would follow that, as the strain introduced increased, 
lower germinative temperatures should be found. 

Two sets of samples of each steel were strained, one set by air 
cooling and the other by water quenching from 800, 850, 900, 950, 
1000, 1100, 1200, and 1275 degrees Cent. (1470, 1560, 1650, 1740, 
1830, 2010, 2190, and 2325 degrees Fahr.). One sample from each 


Rid mites webs e, 







ty 


set and each straining treatment was then quenched in oil from 
1050, 1100, 1150, 1200, 1250, and 1275 degrees Cent. (1920, 2010, 

















2100, 2190, 2280, and 2325 degrees Fahr.). The samples were then J 
notched, fractured, type of fracture noted, and Rockwell hardness 3 
taken. All samples were then drawn at 580 degrees Cent. (1075 §& 
degrees Fahr.) and the hardness again taken. ; 
The two rates of quenching from the straining temperature 
were given in order to produce two degrees of strain from each tem- J 
perature. Differences in germinative temperatures and grain size J 
might then be expected. ¥ 
RESULTS : 

14-4-1 Steel—one-half inch square i 

Fig. 1 shows the fractures of the straining and hardening pro- 


gram as applied to this steel. These samples were air-cooled from 
the various straining temperatures. Table I gives a description of 


the amounts and comparative grain sizes* of the abnormally coarse 











*Abnormal grain growth indicated by “‘“G. G.—coarse—fine, etc.”’ 
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grain as shown by these samples. Two hardness figures are given 
for each treatment, the upper figure in the table being the hardness 
of the sample as hardened and the lower figure being the hardness 
of the sample after a draw at 580 degrees Cent. (1075 degrees 
Fahr.). It is at once apparent that the hardness values bear no 
indication of abnormal grain growth. 

Reference to Table I and Fig. 1 yields the interesting informa. 
tion that all straining temperatures produce sufficient strains to cause 





TABLE I 
TEMPERATURES Of STRAINING TREATMENTS-AiR COOLEO 
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growth at 1275 degrees Cent. (2325 degrees Fahr.), although the 
800 degrees Cent. (1470 degrees Fahr.) strain causes but a trace, 
and as the straining temperature increases to 1200 degrees Cent. 
(2190 degrees Fahr.) the germinative temperature decreases to 1200 
degrees Cent. (2190 degrees Fahr.). This is in accordance with 
the law of grain-growth which requires that as strains increase the 
germinative temperature decreases. However, it seems peculiar that, 
when the straining temperature is increased beyond 1200 degrees 
Cent., the germinative temperature should increase. This indicates a 
reduction in strain. 

Fig. 2 and Table II show the results obtained when this steel 
was strained by water quenching from the various temperatures. 
It is probable that the strains are greater than when introduced by 
air-cooling. 





No grain-growth occurred at 1275 degrees Cent. (2325 degrees 
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ahr.) in this series until a straining temperature of 850 degr: 
Cent. (1560 degrees Fahr.) was reached, but as in the previous 
series the germinative temperature decreases with increasing strain 
ing temperature. Again the limiting germinative temperature js 
1200 degrees Cent. (2190 degrees Fahr.). Now straining from 1275 




















degrees Cent. (2325 degrees Fahr.) causes growth at 1200 degrees 
Cent. whereas in the corresponding air-strained sample no growth 


TABLE Il 


TEMPERATURES OF STRAINING TREATMENTS -WATER QUENCH 





occurred. Thus it is probable that water straining produces greater 
strains than does air straining. There is also a general tendency 
for the grain size of the water-strained samples to be smaller, prob- 
ably resulting from the greater strains. 


14-4-2 Steel—three-eighths inch square 





Table III shows the data from the air straining program of 
this steel and is to be compared to Table I for the 14-4-1 steel. It 
is significant that the germinative temperatures differ for the two 
steels when treated identically, grain growth not occurring at 1275 
degrees Cent. (2325 degrees Fahr.) for this steel until a straining 
temperature of 900 degrees Cent. (1650 degrees Fahr.) was used. 
Again 1200 degrees Cent. (2190 degrees Fahr.) appears as the lim 
iting germinative and straining temperature. 

Table IV shows the data from the water-strained group. This 
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TABLE Ii! 


TABLE IV 


TEMPERATURES OF STRAINING TREATMENTS - WATER QUENCH 





57.9 
$¢.9 
TRACES 











group shows the same variations from Table III that groups 2 and 


1 show. 


Tue INFLUENCE OF SAMPLE SIZE 


(1) Although the two steels dealt with are of the same tung- 
sten content, reference to Tables I and III will show that the first 


steel gave traces of abnormal grain growth at 1275 degrees Cent. 













































































































































































LTRANSA( 





TIONS OF THE 





4. 3.16Se 4 M 


(2325 degrees Fahr.) as a result of air cooling from a straini; 


Lis’ 


temperature of 800 degrees Cent. (1470 degrees Fahr.), while the 


second steel required air cooling from 900 degrees Cent. (1650 de 
grees Fahr.). ‘Tables Il and IV show the results obtained from 
straining the same two steels by water cooling from the straining 
temperatures. As before, the second steel required a higher strain- 
ing temperature to produce growth at 1275 degrees Cent. (2 
degrees Fahr.). It will be remembered that the samples of the first 
steel were of one-half inch cross-section as compared to three 
eighths inch for the second steel. 

Samples of the first or 1 per cent vanadium steel were then 
eround to 3 inch cross-section, annealed, and air-cooled from 800 
850, 900, and 950 degrees Cent. (1470, 1560, 1650, and 1740 de- 
grees Fahr.). These samples were then hardened from 1275 degrees 
Cent. (2325 degrees Kahr.) and fractured. Abnormal grain growth 
did not appear now until the steel had been strained from 900 de- 
grees Cent. (1650 degrees Fahr.). This checks the 2 per cent 
vanadium steel. We, therefore, see that the size of the sample 
rather than the vanadium content is probably a factor in the pro 


duction of strains and abnormal grain growth. 


EFFECTS OF STRAINING AND HARDENING 





‘TREATMENTS ON THE 


IMPACT TOUGHNESS OF THE STEEL 





During the fracturing of these samples it was often noticed 
that those showing abnormal grain growth seemed to be unusually 
brittle. It was decided to obtain impact values upon a series that 
was treated according to a similar program. ‘The 14 per cent tung- 
sten, 1 per cent vanadium steel was used. ‘The straining was done 
by air cooling samples from 800, 850. 900, 950. 1000, 1100, 1200, 
1250, and 1300 degrees Cent. (1470, 1560, 1650, 1740, 1430, 2010, 
2190, 2280, and 2370 degrees Fahr.). The following hardening 
temperatures were used: 1100, 1150, 1200, 1250, and 1300 degrees 
Cent. (2010, 2100, 2190, 2280, and 2370 degrees Fahr.). 


» Kahr’ 


A sample 
size of two inches in length by a 0.400 inch square cross-section was 
used and the bars were unnotched. Use of this size of sample also 
afforded a close check on the similar program applied to the sam- 
ples of 14 per cent tungsten, 2 per cent vanadium steel of 3 inch 
cross-section. 


Fig. 3 is the photograph of the fractures. Table V gives the 
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give the foot-pounds of energy absorbed 
by the samples) and the occurrence and degree of abnormal grain 
growth. With a few exceptions, those samples affected by abnormal 





grain growth yielded low impact values. One exception was a sam 






ple showing only 30 per cent abnormal grain growth and having 
the high impact value of 63.5 foot-pounds, and another which was 
fine-grained and showing an impact number of 4.5 foot-pounds. 







Thus, it can be safely said that high speed steel possessed of ab- 
normal grain growth is generally brittle, but this does not mean 
that all brittle high speed steel owes its brittleness to abnormal grain 
erowth. 

As expected, Table V very closely checks Table III for those 
heat treatments common to both. Since Table V represents the 
per cent tungsten, 1 per cent vanadium, and Table III the 2 per cent 
vanadium steel, this is again indicative that vanadium has little ef 
fect on germinative temperatures, although it does somewhat tend 
to decrease the size of the abnormally large grains produced. 







In Table V, also, the strain decreases for those treatments in 






which the straining temperature exceeds the hardening tempera- 
ture. Thus the samples air-cooled from 1250 and 1300 degrees 
Cent. (2280 and 2370 degrees Fahr.) and hardened from 1200 de- 
erees Cent. (2190 degrees Fahr.), and air-cooled from 1300 degrees 
Cent. (2370 degrees Fahr.) and hardened from 1250 degrees Cent. 
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Fig. 4—Fracture of 14 Per Cent Tungsten Steel Afte 
100 Hours at 1300 Degrees Cent. x 3M. 


(2280 degrees Fahr.), show no abnormal grain growth. To check 
this once again, a sample was strained by air cooling from 1350 
degrees Cent. (2460 degrees Fahr.), and hardened from 1300 de- 
erees Cent. (2370 degrees Fahr.), and upon fracturing no abnormal 
erain growth was found. (Table V shows, also, this sample and 
two additional ones not shown in photograph in Fig. 3.) 

The two additional samples were treated and fractured. One 
was air-strained from 1350 degrees Cent. (2460 degrees Fahr.), 
hardened from 1350 degrees Cent. (2460 degrees Fahr.), fractured, 
and exhibited 100 per cent grain growth. The other sample was 
strained from 1350 degrees Cent. (2460 degrees Fahr.) and hard- 
When frac- 
tured it was found that fusion had occurred and therefore, as would 


ened from 1400 degrees Cent. (2550 degrees Fahr.). 
be expected, no grain growth was found. 
HOMOGENIZING TREATMENT 
Because of the heterogeneous character of high speed steel, it 


was thought possible that numerous sharp strain gradient systems 
would develop within a piece during cooling from elevated tempera- 


tures. Accordingly, an homogenizing treatment was attempted which 
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Fig. 5—Structure of the Steel Shown in Fig. 4 After a 3 Hour Anneal at 850 Degrees 
Cent Etched with Nital. X 500. 

Fig. 6—14 Per Cent Tungsten Steel, Annealed at 850 Degrees Cent., Following the 
Production of Abnormal Grain Growth. Etched with Nital. x 500. 

Fig. 7—14 Per Cent Tungsten Steel Quenched from 1275 Degrees Cent., Following 
the 100 Hour Homogenizing Treatment. Etched with Nital. X 500. 
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consisted in heating one-half inch square pieces in evacuated quartz 
tubes at a temperature of 1300 degrees Cent. (2370 degrees Fahr. ) 
for one hundred hours. 

Fig. 4 shows the fracture of the steel immediately after the long 
treatment. The grains are the largest which were developed by any 
treatment, but this is considered normal due to the high temperature 
and length of time. After annealing at 850 degrees Cent. (1560 
degrees Fahr.) for three hours the fracture appeared normal and 
the microstructure shown in Fig. 5 is considered quite uniform. 
For comparison the annealed structure of steel in which abnormal 
erain growth had occurred is shown in Fig. 6. 

This material was then forged to three-eighths inch square, 
again thoroughly annealed at 850 degrees Cent. (1560 degrees Fahr.), 
and submitted to treatments which had usually produced abnormal 
erain growth. The steel was air-cooled from 900 degrees Cent. 
(1650 degrees Fahr.) and then heated quickly to 1275 degrees Cent. 
(2325 degrees Fahr.). Upon fracturing, the fracture was normally 
coarse, but could not be considered to have resulted from abnormal 
erowth. An annealed piece was quenched from 1275 degrees Cent. 
(2325 degrees Fahr.) and fractured. A comparison showed no ma- 
terial difference in grain size. Upon requenching this last sample 
twice from 1275 degrees Cent. (2325 degrees Fahr.), but slight ad- 
ditional coarsening was noticed which can be accounted for by the 
longer exposure to the high temperature. The microstructure of 
the steel quenched once from 1275 degrees Cent. without drawing 
is shown in Fig. 7. This consists of well-developed martensite 
needles in an austenite matrix. It was noticed that in this condition 
the steel was much weaker, or strictly speaking, more brittle than 
the steel in its customarily hardened condition. 


A PossitBLE EXPLANATION FOR THE MECHANISM OF 
THERMAL STRAIN PRODUCTION 


It is thought that, as a result of composition gradients in the 
steel, which have been so well discussed by Grossmann and Bain’, 
small strain gradient systems may be induced upon cooling from 
above certain minimum temperatures. Fig. 6 shows the structural 
results of composition gradient, and shows also a considerable amount 


= 8M. A. Grossmann and E. C. Bain, Journal, Iron and Steel Institute, 1924, No. 2, p. 
249, 
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of austenite retained even after slow cooling (annealing). Depend- 
ing upon the temperature from which the steel cools and the rate 
of cooling, more or less austenite will be present. Wath rapid cool- 
ing (air or faster) those portions low in alloy content will form 
more martensite and, because of the volume increase resulting from 
the austenite-martensite change, those portions rich in alloy which 
do not transform are considerably strained. 

When the straining temperature exceeds 1200 degrees Cent. 
(2190 degrees Fahr.) it will be seen from Tables I and III, but es- 
pecially No. 5, that the germinative temperature rises. This may 
seem anomalous but actually is in keeping with the idea that hetero- 
genity is the cause of strain gradients. Beyond 1200 degrees Cent. 
(2190 degrees Fahr.) it is thought that more and more of the alloy- 
poor regions are retained austenitic, thus reducing the strains caused 
by martensitization, and with reduced strains a higher germinative 
temperature is required. The intensity of these strains is probably 
further influenced by the size of the piece, as previously suggested. 

These ideas are supported by the total lack of abnormal grain 
growth in the steel which had been more or less homogenized. The 
structure of this material in the quenched condition (Fig. 7) is de- 
cidedly different from that usually found in quenched high speed 
steel and is undoubtedly the result of such a uniform composition 
that no portion of the steel is sufficiently high in alloy content to 
retain the steel in the fully austenitic condition for the cooling con- 
ditions given. 

This steel in the quenched condition is entirely too brittle for 
use as a tool. It, therefore, appears that the value of high speed 
steel as used lies in its heterogeneous character. 


SUMMARY 








(1) 
of abnormal grain growth. 





The so-called fish-scale or marble fracture is the result 

(2) Strains of varying degree have been studied in relation 
to grain growth. 

(3) As the strain apparently increases, the temperature at 
which large grains are formed decreases to a minimum at 1200 de- 
grees Cent. (2190 degrees Fahr.) and no growth has been found 
at materially lower temperatures. 


(4) 


As the straining temperature exceeds 1200 degrees Cent. 
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; |. V. Emmons:* Mr. Brophy and Mr. Harrington are to be congratu 


ggested. : ; ; eM 
. lated upon their work which throws *more light upon this interesting phe- 
al grain 


ed. The 


+) is de- 


nomenon in high speed steel. The publication of information such as this ts a 
real service to the industry. 

It has sometimes been observed that the size of the “marble” grains as 
h speed measured on the fracture, is of a higher order of magnitude than the size of 
ee the austenitic grains as observed under the microscope. [or instance, the 
[position 


aan exes ee nerd asec 


“marble” grains may have an average diameter of 0.020 inch, while the 


ntent to austenitic grains may have an average diameter of 0.0005 inch. It has also been 


i 

ing con- 2 observed that many specimens of high speed steel having very large austenitic 
grains do not show a marble fracture. The reasons for this behavior have not 

ttle for : as yet been definitely determined experimentally, but it is hoped that opportunity 
ra to do so will present itself at some future time. 

h speed P \ a aes ees a) a cla al . ee” 
: A possible explanation which has suggested itself is that the cause of 
if “marble” fractures does not lie so much in the size of the austenitic grains as 

in the development of their internal crystalline structure. The fracture in a 
hardened high speed steel does not usually take place along the grain 
boundaries but through the grains and preferably along a cleavage or slip plane. 

— When the cleavage planes are suppressed or imperfectly developed, the fracture 

shows a matt appearance because the microscopic facets of the fracture are so 

; differently oriented that the reflected light is thrown equally in all directions. 
relation : When the favorable conditions, as shown in this paper, are present, the 
cleavage planes are believed to perfect their development in each grain and 

ture at also to assume similar orientation in adjacent grains. A fracture passing 

200 de- ; through such a crystalline structure will at times be more or less parallel to 


: the cleavage planes of a group of austenitic grains and will tend to follow 
| found these planes. Such a fracture will show patches of facets which all reflect the 
light in the same direction, forming the appearance which we call a “marble” 
s Cent. —eee 

‘Metallurgist, Cleveland Twist Drill Co., Cleveland 
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fracture. If the reorientation of the cleavage planes in a group of austenitic 
grains progresses to the point where they become identical, then the grain 
boundaries disappear and the group becomes one grain of abnormal size. 

A. H. d’ArcaAMBAL: We have read with considerable interest this excel- 
lent paper by Mr. Brophy and Mr. Harrington. It is indeed fortunate that 
the 18 per cent tungsten high speed steel rarely shows this fish scale fracture 
due to what the authors claim is abnormal grain growth. Quite often in order 
to obtain better machinability on a certain type of tool, we will take the 
rough machined blank, made from the 18 per cent tungsten steel, heat it in the 
neighborhood of 1600 to 1625 degrees Fahr., oil quench, and then finish machine. 
This blank will have a Rockwell hardness of over C40 after this treatment for 
machinability, but we do not obtain the fish scale fracture, even on the fina! 
product, though there is not an annealing operation between the heat treating 
and the hardening operation. In the case of the 14 per cent tungsten high speed 
steel, Mr. Brophy has shown that when a temperature around 900 degrees Cent. 
(1600 Fahr.) is used, and then quenched from the proper temperature this 
detrimental fish scale fracture results. We were also interested in the impact 
values shown by the authors. They have quite clearly proven that the un- 
notched specimens are more suitable for this work than the usual notched 
samples. However, impact tests on hardened high speed steel are at their best 
not entirely reliable. The authors obtain an impact reading of around 27 on 
specimens quenched from 1200 degrees Fahr., whereas specimens quenched from 
1250 degrees Fahr. gave almost double this value. We should expect a higher 
value from specimens subjected to the lower heat. 

In regard to the Rockwell hardness, it is interesting to note that apparently 
the 14 per cent tungsten high speed steel does not give as high an initial Rock- 
well hardness as the 18 per cent tungsten steel. 

We trust the authors will continue their work along these lines, for it is 
quite evident that the presence of this fish scale fracture produces tools that 
give very short service. 

S. L. Hoyt:* I have had some interest in the past in the nature of high 
speed steel and it is on that account largely that this paper fascinates me be- 
cause I believe that the authors have really brought into question the present 
conceptions of the nature of high speed steel. It is recorded here that the tem- 
pering treatment below the critical point has very little effect on the Rockwell 
hardness number. Mr. Brophy did not comment on this in presenting the 
paper. His comment was to the effect that a steel which shows fish scale 
structure has approximately the same Rockwell hardness as a steel which does 
not show the fish scale structure. But it is also true that tempering these steels 
had little or no effect on the Rockwell hardness. The point that I have in 
mind here is that presumably the authors selected this tempering temperature 
with the idea that if any austenite were present in the steel it would be con- 
verted into martensite and that therefore a difference in Rockwell hardness 
number should be brought out. If I am mistaken in that assumption, I know 


*Manager of Small Tool Sales and consulting metallurgist, Pratt and Whitney Co., 
Hartford, Conn. 


*Connected with the research laboratories, A. O. Smith Corporation, Milwaukee, Wis. 
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\ir. Brophy will correct me. With that in mind, to me it is surprising that 
‘he Rockwell hardness number shows no change for presumably the abnormal 


srain growth is due to strains set up in the first quenching or to a partial con- 


version of the austenite into martensite during quenching. Does it not also 
follow that the tempering treatment used should produce a definite change in 
the Rockwell hardness number ? 

I happen to know from previous discussions with the authors on this ex- 
tremely interesting investigation that they do have other work in mind and 
| am sure we may await their additional information with a great amount of 
interest. 

To me one of the most interesting parts of the paper is that on the 
“homogenized” sample in which it is shown that high speed steel owes some of 
its important properties to its heterogeneous character or to “persistent segre- 
gation,” as Professor Sauveur would put it. 


Authors’ Closure 


Reference to Tables I, III, and, particularly, Table V, shows that when 
the straining temperature, for the air-cooled samples, exceeds the succeeding 
hardening temperature by 50 degrees Cent. or more, abnormal grain growth 
does not occur during the hardening. 

Air-cooling from the higher temperatures tends to retain more of the 
hardener in solid solution. Thus heating to 1350 degrees Cent. will dissolve a 
certain amount of the hardener (tungstides and carbides?). Most of this 
seems to be retained in solution by the air-cooling. Upon reheating to a 
hardening temperature of 1300 degrees Cent., some of the hardener may be 
precipitated as this temperature is 50 degrees Cent. lower than the previous 
solution temperature. This factor might tend to oppose grain growth during 
the heating at the lower hardening temperature. 

The samples, that were strained by water cooling from the straining tem- 
peratures previous to hardening treatments, do not show this reversal. It 
seems possible that the greater strains of water-quenching may overcome the 
effect of a dispersed precipitate that, under other conditions, effectively op- 
poses abnormal grain growth. 

The writer feels that, although it appears difficult at this time to secure 
any definite proof for this explanation, the indicated precipitation should not 
be overlooked as a possible factor contributing to a surprising reversal in grain 
growth tendencies. 

We wish to thank the gentlemen who have taken the time to study the 
paper and prepare discussions. 

The question of grain size which Mr. Emmons discusses is interesting. It 
has been our experience, however, that the grain size as indicated by the frac- 
ture is the same as that seen under the microscope. 

Mr. d’Arcambal reports that the 18 per cent tungsten steel rarely exhibits 
abnormal grain growth. This is due to the fact that the necessary straining 
temperature for this steel is much higher than for the 14 per cent tungsten steel. 
A series of samples of 18 per cent tungsten steel were put through the same pro- 
gram of treatments and abnormal grains developed at 1300 degrees Cent. for 
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straining treatments between 1150 and 1250 degrees Cent. and at 1350 degrees 
Cent. for straining treatments from 1000 to 1300 degrees Cent. As with the 
14 per cent tungsten steel a limiting temperature below which no growth oc 
curred was found but now the temperature was considerably higher. Als, 


as the straining temperature materially exceeded the second heating (hardening 


temperature) no growth occurred. 

The difference in growing temperature may possibly be due to the presence: 
of a larger quantity of hardener, which would tend to act as an inhibitor, and 
which would require a higher temperature for complete solution. 


As Dr. Hoyt states, additional work is in progress and we wish to reserve 


the right to change our opinions as to the causes of this phenomenon. It 
our object to throw additional light on the nature of these interesting alloys 
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SOME NEW ASPECTS OF THE IRON-CARBON DIAGRAM 


By H. A. SCHWARTZ 
Abstract 


The purpose of the paper is to awaken interest in the 
viewpoint that the equilibrium diagram is the expression 
of definite energy relations and not merely a plot of certain 
observed transformation points. 

As an illustration of this viewpoint the Ag, and Ay, 
lines are studied in the light of the solubility equations and 
of the known specific heats of iron, carbon and cementite. 

~ Conclusions are drawn as to the metastability of free 
cementite at all temperatures above that at which the work 
done in expansion restrains the graphitizing reaction. 

No such temperature has been demonstrated to exist 
but its possibility is indicated. Evidence 1s offered im sup 
port of the fact that the solid solutions of the stable and 
metastable systems differ in kind. 

Graphitization 1s demonstrated in two unusually pure 
iron-carbon alloys. 


HE iron-carbon equilibria have been studied at such length that 
it may seem that nothing new can be said on the subject. It ap- 
pears, however, that although many able investigators have refined 
the observational methods and improved the precision of its ex- 
perimental basis, only Cesaro,' has attempted an interpretation of any 
portion of the diagram on the basis of chemical thermodynamics. 
Since this is written, Yap, Chu-Phay’ has contributed two papers, in 
the same field and confirming in part Cesaro’s concl*1sion. 

The writer has also since found a discussion of the equilibrium 
curves of the system iron and carbon by von Juptner, /ron and 
Steel Magazine, Vol. XI, p. 377, 1906, which is entitled to mention. 


ICesaro, ““Note on the Liquidus in the Iron-Carbon Diagram,” Journal, Iron and Steel 


Institute, Vol. XCIX, p. 447. 


Yap, Chu-Phay, 
lron-Carbon,”’ 


“A Thermodynamic Study of the Phasial Equilibria in the System 


“Influence of Dissolved Carbide on the Equilibria of the System Iron-Carbon,”’ Tech 
nical Papers Nos. 381 and 382, American Institute of Mining and Metallurgical Engineers 


A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. 
member of the society. 


Steel Castings Co., Cleveland. 


The author, H. A. Schwartz, 1s a 
He is manager of research, National Malleable and 
Manuscript received April 28, 1931. 
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Believing that most problems, notably the identity or lack there- 
of otf the stable and metastable solid solutions, the mechanism of 
graphitization during freezing, the possible stability of Fe,C at low 
temperatures and the existence of molecules in crystalline solids, in 
the sense of a unit of subdivision, between a crystallite and an atom 
in size, are unlikely to be soon solved by further refinements of 
observation but can be settled readily in the light of available energy 
data, the present study was undertaken. 


ES aennaseTencies* 4:2 SAAN PAA. 


Only a limited amount of new experimentation was required but 
it is believed that in dealing with the low temperature graphitization 
of a pure iron-carbon alloy we were able through the kind coopera 



















tion of our friends to exclude the effect of other elements more 
perfectly than our predecessors in the field. 

The so-called double diagram is now so generally accepted among 
American and Continental metallurgists that a further defense of 
this method of representation of the equilibrium conditions in iron- 


DES, 


carbon alloys may be dispensed with. 
The assertion that metastable equilibrium is by its very definition 
not a true equilibrium diagram is no doubt correct in strict logic, 


but the interpretation of two superimposed diagrams is so generally & 
understood that this objection has little practical validity. It is the i 
writer’s purpose to deal with the viewpoint that graphitization in- : 
volves a ternary system.* i 


RANGE OF METASTABILITY OF FE,C 





The question whether there is a minimum temperature for the 
metastability of Fe,C is incapable of direct experimental answer. The 
writer has referred elsewhere* to the fact that centuries would be re- 
quired to precipitate measurable amounts of graphite at room temper- 
ature under usual quantitative time-temperature-graphite relations.* °'' 


3Hanson, “‘The Constitution of Silicon-Carbon-Iron Alloys and a New ‘Theory of the 
Cast Irons,’’ Journal, Iron and Steel Institute, Vol. CXVI, No. II, p. 12. 


Kotaro Honda, “On Graphitization of Iron-Carbon Alloys,’’ Journal, [ron and Steel 
Institute, Vol. CII, No. II, 1920, p. 287. 









*“Quelques Theories de Graphitization,’’ Bulletin de l’Association Technique de Fon 
derie, Sept. 1928, p. 279. 





5° Schwartz, ‘“‘Graphitization at Constant Temperature,’’ Transactions, American Society 
for Steel Treating, Vol. 9, p. 883 and Vol. 10, p. 53. 


*Schwartz, “‘Graphitization at Constant Temperature below the Critical Point,’’ Trans 
Actions, American Society for Steel Treating, Vol. 10, p. 965. 








"Schwartz, “The Mathematics of Graphitization below the Solidus,” Paper No. 62, 
World’s Engineering Congress, Tokio, Japan. 
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\Vithin the lifetime of several generations of observers we would not, 
herefore, be able to decide whether graphitization is inhibited at 
om temperature or merely enormously retarded in rate. We may 
proach the matter indirectly from the principle that reactions pro- 
ceed spontaneously in that direction which reduces the energy con 
tent of the system. 
All recent investigators agree that cementite is endothermic al- 
though there is difference of opinion as to the amount of heat liber- 
ated by its decomposition. 


Ruff, Brodie, Jennings and Hayes,? Maxwell and Hayes’® and 
perhaps others, assign a value of the order of magnitude of —14,000 


cal/mol for the heat of formation, while Watase™ and Roth” offer 
a value of the order of magnitude of —4,000 cal/mol. Unfortu- 
nately it is necessary, as will be shown shortly, to decide between 
The data 


are all presumably at constant pressure and the calorimetric values, 


these groups of values in order to answer our question. 


i.e., all except Maxwell’s, are at approximately room temperature. 
The physical chemist uses an expression for the change in 
energy content of a system for a reaction at constant pressure 


AU=AH+pdv—=AH+W 


i. e. the change in energy content, A\ U, is made up of the change in 
heat content, Z\ H, and the work, W, done by the system against the 
external pressure, p, by its change of volume, dv. Where pressure, 
p, is not too great and the change of volume accompanying the re- 
action is small, which latter is usually true of solids, the p dv term 
may be negligible. 

During the decomposition of Fe,C there is an increase of volume 
since carbon and iron, in the proportion to form cementite, occupy 


‘Ruff, “The Metallography and Heat Treatment of Iron and Steel,’’ Sauveur, p. 449. 


*Brodie, Jennings and Hayes, ‘‘Heat of Formation of Cementite as Electrolyzed from a 
Pure Iron-Carbon Alloy of Eutectoid Structure and Composition,’”’ Transactions, American 
Society for Steel Treating, Vol. X, No. 4, p. 615. 


‘Maxwell and Hayes, “The Free Energy and Heat Formation of Iron Carbide for the 
lemperature 650 Degrees to 700 Degrees,” Journal, American Chemical Society, April 
1926, Vol. 48, p. 584. 


“Watase, “The Heat of Formation of Cementite,’’ Science Reports of the Tohoku 
Imperial University, Series I, Vol. XVII, No. 6, p. 1091, September 1928. 
_ Roth, “Beitrage zur Thermochemie des Eisens, Mangans und Nickels,” Archiv fur das 
Eisenhuttenwesen, Vol. 3, No. 5, Nov. 1929, p. 339. 
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a greater volume than does the compound. This increase of volume 
is accomplished by stretching the iron and hence does work. Graph- 
itization will only proceed if the energy required to do this work is 
less than that liberated by the decomposition of Fe,C. 

The density of Fe,C has been variously determined as between 
7.39 and 7.66. For our purpose we may accept a value of 7.45. The 
density of graphite in iron has been determined as being from 2.48 
to 2.51, say 2.50, and the density of alpha iron is very close to 7.89. 

If 180 grams of cementite decompose into 12 grams of carbon 
and 168 grams of iron, the resulting increase in volume will be 


12 168 180 


7.89 7.45 


= 48 + 21.3 — 242 = 19 ce 


which is a cubic expansion of about 8 per cent. This is equivalent 
to a linear expansion of .02 2/3. The modulus of elasticity being 
29,000,000 pounds per square inch = say 2,000,000 kilograms per 
square centimeter, the work done in expanding the cubic centimeter 
of metal will be roughly 


2,000,000 « .022/, 


? 


— 


= 2132 kilogram centimeters 


3X 027/3 X 


= 21.32 kilogram meters 
Using Brodie, Jennings and Hayes’ figure, 


13600 « 7.45 
180 


= — 452 calories 
= — 105.9 kilogram meters. 








Heat of formation of 1 cc Fe,C = 






There is thus, even at room temperature, about five times as much 
energy available by the decomposition of cementite as is required to 
do the mechanical work of dilating the metal. Using the lower values 
there is still a surplus according to Watase or Roth. 

The only probable source of error is our lack of knowledge of 
the coefficient of elasticity for cubic expansion. If this be far out of 
line with Young’s modulus, an error exists. 


























DROME MIMY Sar cont A™ 


Yang 


Mar 


of volume 


Gray h- 
IS Work js 


s between 
45. The 
from 2.48 
e to 7.89. 
of carbon 


| be 


cc 


quivalent 
ity being 
rams per 
entimeter 


| meters. 


as much 
uired to 
r values 


edge of 


r out of 





ay 
ey 
3 
boa 
cm 


"SU hes DRO ada R: etic 0h 





THE IRON-CARBON DIAGRAM 407 


The coefficient of compressibility’* of any metal is 


in which for iron, 


and 


r = 0.30 


[his yields a value of about 24,000,000. 


If this bulk modulus be the same in compression and tension, 
the force which would produce a change of volume of 8 per cent 
would be 1,920,000 pounds per square inch = 132,000 kilograms per 
centimeter as against 970,000 pounds per square inch from the pre- 
vious calculation, and the work done, calculated as before, becomes 
52.8 kilogram meters per cubic centimeter. The reaction can proceed 
if the larger numerical value of heat of formation is correct, but 
not if the lower one is substantiated. Hence mechanical conditions 
possibly restrain graphitization near room temperature. 

It is, of course, obvious that a similar calculation, using the 
physical constants at other temperatures, could be carried through 
to determine whether or not cementite may graphitize. Alternatively, 
if sufficient data are at hand, the various densities, the heat of forma- 
tion and the modulus of elasticity might be expressed as functions 
of temperature and from these the difference between heat of forma- 
tion and mechanical work be written in an equation in terms of 
temperature. We know that the modulus of elasticity is nearly 
constant from somewhat below to somewhat above room temperature 
and usually decreases by some 33 1/3 per cent by the time a temper- 
ature of about 1000 degrees Fahr. (1830 degrees Fahr.) is reached,"* 
the reaction should then proceed even if the numerically lower heats 
of formation are accepted. At this temperature a good deal of 
viscous flow, or creep, goes on and a rather small constant force will 
produce any amount of deformation given sufficient time. This 
viscous flow becomes more pronounced the higher the temperature 


‘SJeffries and Archer, “The Science of Metals,” p. 13. 

“4H. J. French and W. A. Tucker, “‘Available Data on the Properties of Irons and 
Steels at Various Temperatures,” Transactions of the American Society of Mechanical En 
gineers, 1924, Vol. 46, p. 97. 
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and the work term will change with reaction velocity. When the 
force thus becomes dependent on rate of deformation, the mechanica| 
work term may fix the possible limit of graphitizing rate. Umino’ 
has shown that the specific heat of cementite is greater than that of 
its constituent elements. Hence the heat of formation of Fe,C de- 
creases, algebraically, with temperature. 

Since, therefore, the heat evolved by the decomposition of 
cementite increases with temperature and the mechanical constraint 
decreases, the once possible reaction can not terminate for mechanical 
reasons at higher temperatures. Whether a termination at low 
temperatures exists is not known until we are assured of the true 
value of E, in tension and of the heat of formation. A lower limit 
is at least possible. 

Having thus determined that there is possibly a lower limit of 
temperature for the metastability of cementite within the range for 
which we possess data, let us examine the question of an upper 
limit. 

If the mean specific heat of a compound differs from the average 
mean specific heat of its components, the heat of formation will be a 
function of temperature. 

The principle of the conservation of energy will require that 
heat of formation of a compound at a given (lower) temperature 
(T,), plus the heat required to raise the compound to a (higher) 
temperature (T.), must equal the heat required to raise the com- 
ponents from T, to T., plus the heat of formation at T,. Let us 
examine what effect the difference of specific heats of Fe,C and Fe 
C has on the heat of formation of Fe,C at elevated temperatures 
and particularly whether the heat of formation may ever become 
zero or positive. 

The data of Umino (loc. cit.), although pointing in general to a 
higher mean specific heat of Fe,C than of the mixture of elements, 
are perhaps rather difficult of interpretation in the high temperature 
ranges. His individual determinations of mean specific heat in the 
interval from 900 to 1100 degrees Cent. (1650 to 2010 degrees Fahr.) 
inclusive are sufficiently concordant to point to a probable error of a 
single observation of specific heat of about 0.0002 or about 0.00012 
in the reported values which are usually the average of three de- 
terminations. This means that his observations of sensible heat 


Umino, “On the Specific Heat of Carbon Steels,’ Science Reports of the Tohoku Im 
perial University, Vol. XV, No. 3, 1926, p. 354. 
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ust have been reproduced to about 0.1 calories per gram. 
However, a plot of the total heat content per gram of metal con- 
ining 1.41, 1.57 and 2.84 per cent total carbon shows an arrange- 
ent much more variable than consistent with such precision. His 
own Fig. 5 can scarcely be interpreted to mean anything more than 
that the sensible heat at a given temperature is substantially inde- 
pendent of carbon content, if above 1.40 per cent at all temperatures 
from 100 to 1250 degrees Cent. (210 to 2280 degrees Fahr.) The 
writer ventures to point with surprise to the fact that although the 
heat content increases, with carbon (from 1.57 to 2.84 per cent) 
for temperatures from 850 to 1100 degrees Cent. (1560 to 2010 de- 
erees Fahr.) inclusive, where both alloys were solid, it does not in- 
crease with carbon at 1200 and 1250 degrees Cent. (2190 to 2280 
degrees Fahr.) where the high carbon iron would have contained not 
only sensible heat but also the latent heat of fusion of its ledeburite. 

Umino did not choose to compute the specific heat of cementite 
above 900 degrees Cent. (1650 degrees Fahr.) Several means are 
available for approximating the specific heat at higher temperatures. 
For example, we may, up to the eutectic temperature, consider his 2.84 
per cent carbon alloy a mixture of 1.75 per cent carbon steel, (a little 
above saturated austenite at 1130 degrees Cent.) and cementite. 

We may extrapolate from his data for the three steels of 1.235 
per cent carbon, 1.41 per cent carbon and 1.575 per cent carbon steel. 
The extrapolation will be reliable precisely to the extent that his 
series of investigations are strictly comparable. 

Umino’s data and the graphically extrapolated value for 1.75 
per cent carbon steel are shown in Table I. 


Table I 


Calories per gram 


Determined by Umino Extrapolated 





Carbon 1.235 1.41 1.575 1.75 
900°C. 144.0 144.0 146.6 147.5 
1000°C. 57.9 156.1 160.0 160.0 
1100°C. 174.9 173.1 72.0 170.8 
1200°C. 190.0 189.0 187.0* 186.1* 
1250°C, 199.0* 197.0* 195.3" 193.8* 

*partially molten. 

| A ae 
Since 2.84 per cent carbon metal is —— Fe,C and —., 1./5 

492 492 


per cent carbon steel, we may from Umino’s determinations on that 
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Table Il 


Calories per gram 


Umino’s Calculated 
Extrapolated Determination Fe,( 
Carbon 1.75 2.84 ee 
900°C. 147.5 148.2 150.7 
1000°C., 160.0 164.4 179.9 
1100°C. 170.8 175.0 207.2 
1200°C. 190.0 187.0 190.0* 


1250°C. 199.0 





192.5 187.9* 










"These figures were 


obtained by the use of data at temperatures where the alloys a; 
partially molten. 


metal and our extrapolated values calculate the heat content of cemen 
tite. (Table II.) 

In case of semi-molten alloys, Umino’s measured total heat 
would include the latent heat of fusion of a portion of the alloy, 
this amount increasing with the temperature and carbon content. It 
would, therefore, appear that as a result the calculated heat content 
of cementite would be larger than the true value, not smaller as 
they appear to be in the column of Table II. 

$y extrapolation from the first three members in the last column 
of Table II a heat content of 232.5 calories per gram is indicated for 
cementite at 1200 degrees Cent. (2190 degrees Fahr.) and one of 
about 249 calories at 1250 degrees Cent. (2280 degrees Fahr. ) 

We may further evaluate Umino’s data by computing from his 
data at and below 900 degrees Cent. (1650 degrees Fahr.) an ex 
pression relating heat content to temperature and by means of such 
an equation extrapolate above 900 degrees Cent. Such an equation 
has been calculated by least squares, by H. H. Johnson, from Umino’'s 
original data. 


Table Ill 


Calories per gram of FesC 


100 14.8 
200 29.7 
Umino’s 300 44.7 
400 60.2 
Values 500 76.2 
600 93.4 
700 111.9 


800 


900 53. 

1000 179.0 
Extrapolated 1100 204.4 

1200 233.2 


1300 264.8 
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In Table III the data up to 900 degrees Cent. are Umino’s values, 
se above are calculated from the equation 
6.0843 T 


otal calories 1.295 0.46778 T? 


0.00109 T* 


0.07009 T 


\ttention is invited to the fact that this extrapolation agrees well 
with the extrapolation from Table II. 

Schmidt’® finds the total heat of the solid eutectic at the melting 
point to be 200.8 calories. From the values for cementite in Table II] 
and for 1.75 per cent carbon metal in Table I, a value of about 193 
would be interpolated which is at least rough corroboration. 

From Umino’s Fig. 10 and tabular matter we may obtain the 
heat content per gram of a mixture of the constituents of cementite, 
iron and carbon, by multiplying his mean specific heats by the temper- 
ature and can compare these with the heat contents of Fe,C from 


our Table IIT. 


Table IV 


3Fe+C Fe.C 


Temp. Mean Specific Heat Umino and 
Degrees Cent. after Umino Cale. Capacity Extrapolated Difference 

100 0.1161 11.6 14.8 ote 
200 0.1212 24.2 29.7 1S 
300 0.1254 37.6 $4.7 7.1 
+00 0.1319 52.8 60.2 11.4 
500 0.1381 69.0 76.2 7.2 
600 0.1465 87.9 93.4 ss 
700 0.1543 108.0 111.9 ’ 
800 0.1691 135.3 131.9 1.4 
900 0.1828 164.5 153.9 10.6 
1000 0.1833 183.3 179.0 4.3 
i100 0.1837 202.1 204.4 +-2.3 
1200 0.1844 221.3 Soave +-21.9 
1300 0.1849 240.4 264.8 + 23.4 


It will be seen that, except for the perturbation in the critical 
range, the heat content of Fe,C is always greater than that of 3 Fe 4 
C, hence the heat of formation of Fe,C decreases (algebraically) with 
temperature, with the exception noted. Being already negative, this 
means a numerical increase of a negative number with rising temper- 
ature and hence greater instability. Umino’s data, therefore, contra- 
dict the existence of any high temperature field in which Fe,C might 
he stable toward graphite. 

It appears that the decreasing values after the first three, in the 


Schmidt, ‘‘Spezifische und Erstarrungs-Warme des  geschmolzenen  Roheisens, 
Vetallurgie I, 1910, p. 164. 
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last column of Table II, representing as they do a physical impos. 





sibility, are to be explained, from their method of derivation, b 
abnormally low heat content in Umino’s 2.84 per cent carbon all 
at the corresponding temperature. Umino thus recovered less than tl 
heat content computed from Fe,C and steel and more than that com- 
puted as a mixture of steel and carbon. His results might then be 
considered consistent with a partial graphitization at the time of 
quenching. We have no better explanation for the discrepancy. 
Cementite is thus theoretically metastable toward carbon at all 
temperatures above the eutectic melting point. This fact should 
especially be kept in mind as it will later be used in establishing other 
conclusions regarding the nature of hypereutectic alloys. 


GRAPHITIZATION IN PuRE BINARY ALLOYS 


Several writers, including the present author, have reported 
instances of apparent absence of graphitization in fairly pure white 
cast irons. Reference has already been made to Honda and Mura- 
kami, Hanson and Norberry, who have studied the graphitizing re- 
action from the viewpoint of other elements. It appeared important 
therefore, to furnish, if possible, experimental verification of the fact 
of graphitization in the purest available alloy. 

It was desired to answer the following questions: 


Will metal free from silicon graphitize, especially below the 
critical point? 

Will metal graphitize without the presence of CO and 
CO,? More generally, is graphitization a phenomenon in 
which other elements than iron and carbon participate ? 





Experimentally this required that we heat treat the purest pos- 
sible iron-carbon alloy of high carbon content in the highest con- 
venient vacuum for a fairly long time to a temperature somewhat 
below A, and determine whether or not there is a decrease of “com- 
bined” carbon content. 

Two alloys were made for us by the Bureau of Standards in 
the apparatus used for the determination of gases in iron in Jordan’s 
laboratory. It is assumed that the resulting melts would be free 
from gases in analytically detectable amounts. Concerning the 
preparation of these samples the Bureau writes in part as follows: 
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“We are also sending you enclosed with this letter a 
small piece of iron-carbon alloy representing the entire cross 
section of a melt of rather, pure iron (either Armco iron or 
electrolytic iron) made in an Acheson graphite crucible in 
our vacuum fusion gas analysis equipment. This sample 
was held molten at approximately 1550 degrees Cent. (2820 
degrees Fahr.) under a vacuum for about half an hour. By 
that time, the total pressure of gas (almost entirely CO) 
over the liquid metal was of the order of 0.01 millimeter of 
mercury. The furnace current was then cut off. We have 
no record of the time then required to cool but we estimate 
that the metal froze within one or two minutes and cooled 
to below a visible heat in possibly fifteen minutes. The total 
carbon in this specimen is probably close to 5.0 per cent. 
Possibly an examination of this sample will be of interest 
to you. 

Respectfully, 
(Signed) George K. Burgess, Director. 

Enclosure: 
Sample iron-carbon alloy.” 


“We have been glad to prepare for your use two small 
additional melts made under conditions very nearly the same 
as those described in paragraph 3 of our letter of September 
19th. The only difference in the preparation of the two 
present samples is that these samples were held molten for 
about 1 hour at 1500°C. and the pressure at the end of the 
heating period was of the order of 0.1 mm. of mercury. 
The sample marked “A” was prepared by melting Armco 
iron in graphite and that marked “E” by melting electrolytic 
iron. We are mailing these samples to you under separate 
cover. 

Respectfully, 
(Signed) L. J. Briggs, Acting Director, 
George K. Burgess, Director. 
Separate Cover: 
Two iron-carbon alloys.” 


Through the courtesy of Mr. W. P. Sykes, the National Lamp 
Works of the General Electric Company sealed portions of these 
melts into hard glass tubes at a pressure of probably less than one 
micron. Mr. G. M. Guiler sealed these tubes, packed in asbestos 
wool into a quartz bulb, evacuated this to a pressure of a few milli- 
meters of mercury column and sealed it. The purpose of the quartz 
container was merely protection to the delicate glass bulbs. The tube 
was heated in a portion of a Dressler continuous kiln whose temper- 
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Fig. 5—Electrolytic Iron, as cast. Unetched. 
Fig. 6—Electrolytic Iron, as cast. Nitric Acid Etch. 
Fig. 7—Electrolytic Iron, annealed. Unetched. 
Fig. 8—Electrolytic Iron, annealed. Nitric Acid Etch. 
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ature varied slowly between the approximate limits, 600 and 650 de- 
grees Cent. (1110 and 1200 degrees Fahr.) for about 2000 hours 

On opening the quartz tube the glass tubes were found sound 
but collapsed tightly on to the iron specimens under the slight pressure 
in the quartz tube which is evidence against the expulsion of any gas 
on heating. The glass was a deep brownish black and could be readily 
removed from the iron. On solution in HF and H,SO, the discolored 
glass left traces of a dark powder which may or may not have been 
free carbon. 

Photomicrographs of the specimens by C. H. Junge before and 
after heat treating are shown in Figs. 1-8 inclusive. 

The distribution of graphite and combined carbon is in each case 
somewhat nonuniform so that sampling for carbon determinations 
presented some difficulty. It was executed best by dissolving average 
cross sections of the specimens as single pieces in nitric acid or 
double copper chlorides accordingly as graphite or total carbon was 


required. The analyses resulted as follows: 






Table V 


Made from 


Armco Electrolytic Iron 
As Cast Heat Treated As Cast Heat Treated 
Total Carbon 7.48 6.35 7.47 5.61 
Graphite 6.60 5.59 6.60 5.32 
Combined Carbon by diff. 0.88 0.76 0.87 0.29 
Combined Carbon by color 0.90 0.77 0.87 0.30 
Mn 0.020 0.020 none none 
Si 0.009 wheels 0.029 
P 0.002 oe eae 0.015 
S 0.020 re 0.007 
Total impurity 0.051 Wainkin 0.051 








The values pertaining to carbon are averages of concordant duplicate 
determinations or more. 

It appears that even in these very pure binary alloys graphitiza- 
tion occurs during freezing and proceeds below A, though slowly. 
It appears also that carbon will leave such metal at low external 
pressure. It is thus shown that graphitization is a phenomenon to be 
found in metal which consists of over 99.94 per cent iron-carbon 
alloy. 

The microscopic appearance of the samples as made in the melt- 
ing furnace furnishes unmistakable evidence of the formation of 
graphite at temperatures very near to, if not above, the eutectic melt- 


ing point. Further proof of high temperature graphitization in the 
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melting furnace is furnished by the great amount of graphite pre- 
Kither the 
eraphite crystallized as such or, if derived from Fe.C, the reaction 


ipitated in the very short time occupied in cooling. 


was so tremendously rapid as to require extremely high temperatures. 

The experimental conditions appear to exclude the presence of 
detectable amounts of gas during the melting, freezing or subsequent 
sraphitization and hence to dispose of the Honda and Murakami 


view that the reaction 


C + CO, 2 CO 


' 


forms an essential step in graphitization. There is, however, no in 
tention of denying that it may accelerate the rate of reaction." 

It is to be pointed out that it would be incompatible with the 
second law of thermodynamics for Fe,C to be oxidizable by a mixture 
of CO and CO, which would precipitate carbon unless Fe,C 1s 
metastable toward carbon. 

The experiment described above has a bearing on Hanson's work 
on ternary systems containing silicon for it is the limit at zero silicon 
of such a series of alloys as were studied by that worker. Hanson 
concludes from the additional degree of freedom allowed a ternary 
system, as compared with a binary by the presence of an extra com- 
ponent, that there may be fields in which three phases, C, Fe,C, and 
either ferrite or austenite, may be in equilibrium with each other. 
His experimental data lead him to conclude that below A, ternary 
alloys of very low carbon are in equilibrium when consisting of Fe 
and Fe,C; alloys of somewhat higher carbon contain all three phases 
and alloys of still higher carbon are Fe and C when in equilibrium. 
His diagrams show the boundaries between these three fields to shift 
in the direction of higher carbon with decreasing silicon. Hence, in 
the limit of silicon being zero, the Fe-Fe.C and Fe-Fe,C-C fields 
should be of maximum width. 

Now first, the phase rule deals only with the character and num- 
ber of phases in equilibrium and not with their relative amount.*® 
Further, it assures us that a binary alloy can, at most, have two 
phases in equilibrium at a given series of temperatures and pressures. 


“Hayes and Scott, ‘‘The Catalysis of the Graphitization of White Cast Iron by the 
Use of Carbon Monoxide-Carbon Dioxide Mixtures when Applied under Pressure,”’ 
l'ransactions, American Foundrymen’s Association, Vol. XXXIII, pp. 574-593. 





%H. M. Howe, “The Metallography of Steel and Cast Iron,”’ p. 33. 
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Second, our experiment has shown that a three-phase system, 
Ke-Fe.C-C, at 650 degrees Cent. (1200 degrees Fahr.) reacts in the 
direction of the elimination of the Fe,C even at 0.03 per cent silicon 
and 0.29 per cent agraphitic carbon. Hence it is safe to conclude 
that the binary system will, when in equilibrium, consist of iron and 
carbon (the slight solubility of carbon in alpha iron being recognized 
but neglected ). 

This conclusion contradicts that derived from Hanson's data by 
extrapolating them to their limiting values. The author, in a dis- 
cussion of Hanson’s original paper, has pointed to a possible source 
of error in that worker’s experimentation and will not here enlarg: 
further on the matter beyond pointing out that Hanson’s data are not 
apparently reconcilable with ours. 


AUSTENITE AND BOYDENITE 


The author some years ago’’ suggested that the solid solution in 
equilibrium with Fe,C austenite, is different in kind from that in 
equilibrium with carbon which we called Boydenite; later*® we sug- 
gested in what this difference might consist. 

It is known that the added carbon atom distends the lattice pa- 
rameter of gamma iron and may be confidently assumed that a small 
carbon atom substituted for an iron atom as postulated for boydenite 
would cause a decrease in lattice parameter. Mechanical work is 
therefore done in causing a substituted carbon atom to take an addi- 
tive position and boydenite should be stable toward austenite. 

[It is an accepted fact that the A,, line marking the equilibrium of 
C and solid solution (boydenite) is less steep and to the left of the 
Acm line marking the equilibrium of Fe,C with austenite. If pro- 
longed upward the two would intersect at a temperature above the 
eutectic melting point at which temperature carbon and Fe,C would 
be in equilibrium with solid solutions of equal carbon concentration, 
i.e., with the same solution if boydenite does not differ in kind from 
austenite. Therefore at that temperature C and Fe,C are also in 
equilibrium with each other, i.e., the heat of formation of Fe,C 1s 
zero. But we have shown previously that the heat of formation rises, 
numerically, with increasing temperature and hence can not become 








“Schwartz, “Conditions of Stable Equilibrium in Iron-Carbon Alloys,’’ Mining and 
Metallurgy, August 1922. 


*°Schwartz, “‘Evidences Concerning the Location of the Carbon Atom in Boydenite, 
rrRANSACTIONS, American Society for Steel Treating, Vol. XI, p. 277. 
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ro in this temperature range. Hence C and Fe,C are never in 
equilibrium at elevated temperatures and hence two solutions of 
equal concentration one in equilibrium with C, the other with Fe,C, 
ire not in equilibrium but differ in energy content and hence are not 
‘dentical in kind. Being different in energy content a thermodynamic 
study based on the loci of the A... and A,, lines cannot but be 


profitable. 
ARE ELEMENTS MONATOMIC IN SOLID SOLUTION 


It is known that, providing only the specific heat of a substance 
in the free state and in solution is the same, as it frequently is, if x 
is the molal concentration of a saturated solution at absolute temper- 
ature, T, then 
A 
log x = 7 + B (1) 





where A and B depend upon certain thermal constants of the excess 
substance. Leaving the significance of these constants for the present, 
let us turn to the use we can make of this equation in determining 
the molecular weight of the substance not present in excess. 

Evidently for a given weight percentage concentration of a cer- 
tain (solid) solution, the molar concentration will depend upon the 
relative numbers of atoms per molecule in the solute and solvent. 
If we know experimentally the relation of weight percentage con- 
centration to temperature and can find some relation, n, of the num- 
ber of atoms in a molecule of solvent and solute respectively which 
will cause the molal concentration to also satisfy equation (1), that 
value, n, or one of its multiples, will represent the number of atoms 
in a molecule of solvent. 

Ruer and Iljin ** have determined the solubility of carbon in the 
stable system for various temperatures and obtained the values shown 


in Table VI. 


Table VI 
2a." Solubility in Per Cent Carbon 
1120 1.25 
1100 1.24 
1000 0.99 
900 0.84 
800 0.75 


"Ruer and Iljin, “Zur Kenntnis des stabilen Systems Eisen-Kohlenstoff”’, Metallurgie, 
Vol. VIII, Part 4, 1911, pp. 97-101. 
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M: 


These figures can be represented by the empiric equation deduced 
the method of least squares 





(C 0.4706) (Y — 0.0006) — 0.002023 





where C is carbon concentration in per cent by weight and Y is th 
reciprocal of the absolute temperature in degrees Cent. The relation 
is purely empiric, but the individual determinations agree with thy 
equation within a probable error of 0.0036 per cent carbon, which is 
probably considerably better than the precision of observation. 

Now it is shown in Appendix A that equation (1) can be made 
identical with an equation 


(C 


which is of the form of (2) if kK. = O, as is not here the case, (i.e. 
if either C or Y are constant). Or the two forms can be made 
identical if n + o. The value — @ is meaningless and the 
value o is nearly so, for then x is also infinite and besides no finite 
mass of atoms can contain an infinite number. 

It then appears that mathematically we can not compute the de- 
sired number, n, for equations (1) and (2) are incompatible. We do 
not, however, require mathematical identity for our equation but only 
an agreement with a precision beyond that of our observations. 

T. M. Chapman calculated, by the method of least squares, for 
various values of n, the constants A and B in equation (1) which 
would produce the best agreement with the observational data and 
then calculated the probable error of a single reading as compared 
with the equation. The results are as follows: 








Table VII 


P. E. 

n A B Per Cent Carbon 
0.125 1091 — 2.641 0.028 
0.25 1084 —2.193 0.028 
0.50 1072 — 1.220 0.026 
1.0 1049 —1.493 0.028 
2.0 1005 = 1.739 0.024 
+.0 — 926 — 1.940 0.022 

25.0 512 0.140 0.029 

50.0 334 0.112 0.007 
100.0 —= * 208 0.074 0.006 
1000.0 — 24 0.010 0.0000+- 








We do not find in the Ruer and Ijin reference any information 
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to the precision of a single recorded point. If we assume a prob- 
Je error of 0.01 per cent carbon, arbitrarily, which is not higher 


than we would expect in very good work of this character, then 


icll 


any value of n above 50 agrees with the results as closely as they 


are themselves known. 


Now the equation** connecting x and T (absolute), is 


(Tro — AtrF) 


. LFo — AC, (AtF) i 0 
log x =A Cp loge —— — oa i 


Tr 0 (Tr = At F) - F 9 


~~ 


which if A\ Cp, the difference in thermal capacity at constant pressure 
of crystalline and dissolved carbon should happen to be zero, becomes 
—Lro AtrF 
R loge — — ee; San 
Tro 86 TF 
or 


— 0.4343 LF 0 AtF 
10 x = —__—__—— 4) 
$10 RTr, Tr ( 


where R is the gas constant 1.98 calories and Lr, and TF, are the 
latent heat of fusion and freezing point of the excess constituent of 
the solid solution. 

TF is the figure previously called T in this paper and 


A tr = Tr, — T 


Substituting these values we may write 


'- F 9 7 F 9 ‘. F 9 a 


logig xX = —0.224 | — i ane 
2 wy F 9 = - F 9 z 
Lr 0 Lt 0 
i RE Ree) et 
TFo 
1 Lr 0 
= —0.224 LFyo T + 0.224 Tr (5) 





“Washburn, ‘‘Principles of Physical Chemistry,” p. 168. 
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and comparing (5) and (1) 


A = —0.224 Lr¢ (6) 






0.224 LF 0 











(7) 





Krom (6) and (7) we may calculate Lr, and Tr, assuming the 
values of n of Table VII and the corresponding calculated constants 


A and B. 


Table VIII 
















n LFo Ti o (abs. ) 
0.125 4870 — 800 
0.250 4839 —600 
0.500 4785 — 1200 
1.0 4683 — 2060 
2.0 4486 — 3900 
4.0 4134 —1540 

25.0 2285 3650 
50.0 1491 3000 
100.0 884 2700 
1000.0 107 2400 





The quantity used by Washburn, Lr,, in his derivation for 
the lowering of the freezing point means the latent heat of fusion. 
Its analog in a study of saturated solid solution is the heat of solution 
of the excess phase (per mol. ).** 









The value TF, represents the temperature at which x = 1, ie., 
where carbon is infinitely soluble, assuming that the same laws con- 
tinue to apply. Very obviously this temperature is very high for the 
condition is not even approached at the eutectic melting point. We 
can have no knowledge of its true value. Values of n near 25 would 
therefore seem more plausible than higher values. 








Wark’s results** for the solubility of carbon in the metastable 
system are: 


*Tammann and Oelsen, “Die Abhangikeit der Konzentration gesittiger Mischkristalle 


von der Temperatur,” Zeitschrift fiir anorganische und allgemeine Chemie, Vol. 186, 1930, 
: atte 
Pp. 20/. 











*Wark, “Bestimmung der Loslichkeitslinie des Eisencarbids (FesC) in gamma-Eisen,” 
Metallurgie, Part 22, 1911, p. 704. 
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0.00326 C 


In per cent. 


Table IX 


T in Degrees Cent. 

1070 

1035 

1015 

990 

970 

935 

885 

710* 


are not from Wark but represent 
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Solubility in Per (¢ 


+ 0.00213 C* — 0.000499 C* 


reciprocal of the absolute temperature and C the solubility of carbon 
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1.39 
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log x = — + 
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for various values of n,, when n, has a meaning corresponding to n 


in the previous derivation, . The values. of A, 


were as follows” 


25 
50 
100 
1000 


‘rom these v 


Table X 


B 
1.858 
0.067 
0.211 
0.270 
0.212 
0.142 
0.084 
0.010 


3 and the probable error 


Probable Error 
Per Cent Carbon 
0.021 
0.021 
0.014 
0.010 
0.006 
0.004 
0.002 

0.0004 


alues we may derive values of Ly. and Ty, as before: 


Table XI 

n1 LFo 

] 5420 

2 5060 

4 4480 

8 3680 

25 2110 
50 1300 
100 730 
1000 84 





TFo 
negative 
16700 
4700 
3050 
2280 
2050 
1960 
1900 
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From Table X any value of n above 8 is as accurate as the 
fundamental data can be expected to be. We do not know much 
about plausible values of Tr, but would suppose that this constant 
would be lower than that for carbon. Further, it would seem tha: 
the value for n in both solutions, austenite and boydenite, should be 
the same unless carbon and cementite contain different numbers 0} 
atoms of carbon per molecule. The values of TF, in the above table 
are lower than those for equal values of n in Table VIII for al! 
values of n above 25. Since 25 was also formerly a plausible value 
of n, that value or one near it, appears to be indicated. 

It was desired to determine whether equation (8) can by some 
suitable selection of n, be made identical with an equation of the 
form of (1). We may transfer Y to the right side of the equation 
and divide by 0.000499, the coefficient of C* and then obtain the roots 
of this equation by well known methods**®. The only real value of C 
which satisfies equation (8) is approximately 


C = 1.424 + (4.50 — 2000 Y)" (9) 





and the problem becomes whether by suitable selection of n, the ratio 
of the number of iron atoms per molecule to the number of carbon 
atoms per molecule of cementite we can obtain from the above values 
of the molar concentration of cementite, x, consistent with (1). 

The derivation in Appendix B shows this to be impossible. 

It is recognized that the data of other observers with respect to 
the Ag line might yield a different value of n,. Thus Tammann and 
Oelsen (loc. cit.) consider that the agreement with the logarithmic 
relation of Honda and Endo’s magnetic data is satisfactory assuming 
apparently that Fe,C and Fe are the correct molecular formulae. 
The Honda and Endo determinations are shown in Table XII: 








Table XII 
Temp. Atte 3 
Degrees Cent. Mol. Per Cent FesC 

1070 7.83 

995 6.93 

945 6.15 

900 5.84 

840 5.25 

710 4.06 











**Claudel, “‘Handbook of Mathematics,”’ 
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and Tammann and Oe¢elsen’s equation, not here quoted because of a 
slight difference in form of expression, agrees with the data with a 
probable error of 0.02 per cent carbon, the basis of their calculation 
being equivalent to the postulate that n, = 1. By raising n, to 10 the 
probable error can be reduced to about 0.007 per cent carbon and the 
value 4000 + absolute will be obtained for TF,. 

Of late the Acm line is frequently drawn as a straight line joining 
the points having the coordinates 


C = 0.85%; T 710°C. 
and 


C 1.70% ; T 1130°C. 


and thus having very nearly the equation 
C = 0.002 T — 0.57 (10) 


The equation derived by Bates and Lawson,*® although of slightly 
different form, agrees rather closely with this. 

The rectilinear equation above written can not, of course, be 
theoretically identical with a logarithmic relation but involves a prob- 
able error of but little over 0.001 per cent carbon if n, = 1 or if 
n, = 10. The rectilinear representation of Acn thus permits of as 
little as a single atom of carbon per molecule so far as agreement 
with the form of equation is concerned. The value n, = 1 gives a 
negative value for Tr, but n, — 10 a value of about 3200 degrees 
Cent. 

The substitution of other data for those of Wark thus permit, 
but do not require, lower values of n on the score of precision. The 
value n, == 1, however, leads to an impossible conclusion although 
n, = 10 is an admissible value. 

The preceding discussion has furnished us a ratio between the 
molecular weight of carbon (of Fe,C) and iron rather than absolute 
values. We can never deduce, mathematically, from solubility daia 
true molecular weights unless that constant is known for either the 
solvent or solute. 


There appears no reason..for assuming a different molecular 
weight of iron in the two solutions, hence the values of n deduced 


_ Bates and Lawson, “Metastable Equilibrium in Hypereutectoid Iron Carbon Alloys,” 
[RaNSACTIONS, American Society for Steel Treating, Vol. 18, pp. 659-669. 
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above may be expected to be inversely as the number of carbon atoms 
per molecule of solute. The probability of equal values of n ther 
represents a similar probability of equality of carbon atoms 


De} 


molecule of solute. Since we must thus abandon the lattice ce! 


as 































a unit of measurement, the assumption of single atoms of carbon pe; 
molecule is the simplest. 

Excluding very high temperatures monatomic elements should 
approach the value 6.2 calories for the atomic heat.*' The atomic 
heat of iron in the range from zero to 918 degrees Fahr., is 8.79 
according to Durrer.** The atomic heat at 918 degrees Fahr. would 
be considerably greater since the atomic heat is less at lower tempera 
tures. This exception to Du Long and Pettit’s law with regard to the 
atomic heat of iron would seem to demonstrate either that iron was 
polyatomic or else the effect of temperature upon the electrons of the 
iron atom was very considerable. 

An objection to the entire preceding line of argument is recog- 
nized. If the changed thermodynamic environment produced by in 
creasing concentration in the solid solutions is sufficient to destroy th 
basis of equation (1), our entire reasoning is invalidated. 

Our calculations show that over the limited range accessible to 
experimentation an equation of the form of (1) does apply but it 
is conceivable that this is mere coincidence and that the true equation 
for very dilute solutions has the same form but a different set of 
constants. Recognizing this possibility, the present discussion is put 
forward as a suggestion for further study and not as an established 
hypothesis. 

An independent method of ascertaining the appropriate constants 
would form a valuable basis for a conclusion as to the degree to which 
the A,,, and A,, lines do conform to the theoretical form. 


SOLUTE IN AUSTENITE 





It is shown in Tables VIII and IX that the latent heat of solu- 











tion per molecule of carbon and Fe,C is nearly alike for all equal 
values of n and n,, the calculated values being usually slightly higher 
in the latter case. Postulate the same solute monatomic carbon in 
both cases and similar dispersion in the lattice. The heat of solution 
of an atom of carbon from cementite in austenite should differ from 


Washburn, “Principles of Physical Chemistry,’ page 2 
*Landolt-Bérnstein, ‘“‘Physikalisch-chemische Tabellen,”’ Julius Springer, 1923, page 


12453. 








bon atoms 
of n then 
atoms per 
ice cel] as 


‘arb mM pei 


its should 
he atomic 
r is s 79 


thr. would 
r tempera 
rard to the 
iron was 


ons of the 


1S recog- 
ced by in- 


estr ry the 


cessible to 
ply but it 
2 equation 
ent set ot 
ion is put 


‘stablished 


constants 


=» to which 


t of solu- 
all equal 
tly higher 


carbon in 
f solution 
iffer from 





THE IRON-CARBON DIAGRAM 


that from carbon in boydenite by the heat of formation of cementite, 


for before carbon can be dispersed atomically, Fe,C must be de- 
troved. Since this difference does not exist, the postulated identity 


in kind and position of the solute can not exist, again confirming the 


lack of identity, in kind, of austenite and boydenite. 


Attention is invited to the similarity of position of carbon in 
relation to six surrounding iron atoms in cementite according to 


Hendricks? and in austenite. 


CONCLUSIONS 

It is believed that the preceding discussion justifies the following 
conclusions : 

(1) Graphitization is a phenomenon occurring in as nearly pure 
binary alloys as are obtainable. 

(2) If graphitization can occur at a given temperature, it can 
also occur at any higher temperature at which solid alloy may exist. 

(3) Graphitization can occur at 650 degrees Cent. (1200 de- 
erees Fahr.) but there may be a lower limiting temperature below 
which cementite is stable. Data are not available for calculating this 
limit if it exists. 

(4) Austenite and boydenite are distinct in kind and not iden- 
tical when of the same carbon concentration. 

(5) The thermal data show no evidence of the decomposition 
of Fe,C on passing into solution in austenite. 

(6) Reasons exist for not attempting to show without further 
evidence that solid iron is monatomic. 


APPENDIx [| 


Atoms of iron per molecule Fe 
Let n, be the ratio — —_ 
Atoms of carbon per molecule Fe 3¢ 





7 


Let C be the solubility of carbon in %. 
x be the solubility of carbon as molfraction of Fe 3C 
13.4 
180 56 Cn, 


56 Cn, — 180 C + 1200 


os | dap” satkapubehigsdidieaaldsadlonhiueite 
is < 100 — 15 C 


- + 
180 56n , 


_ Hendricks, “The Crystal Structure of Cementite.”” Reprint from Zeitschrift fiir 
Kristallographie, Vol. 74, No. 5/6, 1930. 
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d? log x 
If log x = AY + B ~ = 
dy? 


dlogx 1 dx 56Cn,—180C+1200 d 56Cn , 









dY x d Y 56 Cn, dY 56 Cn ;, — 180 C +1200 












400 C re 
= If C=a+ (b+ cyY)} 
(56 Cn, — 180 C + 1200) C (b+ cY) 3 } 


Where Y is the reciprocal of the absolute temperature 









d* log x — 400 Cd (56 Cn, — 180 C+ 1200) C (b+ CY) & 


piectiaihsadeas = () 
dY2 dy ((56 Cn, — 180 C + 1200) C (b + CY) 3}? 





The denominator is finite for finite values of C, Y and n, hence 
d (56 Cn, — 180 C + 1200) C (b + CY) 3 
=s () 
dY 










S , : 
- C(112Cn ;-360C+2400)(b+CY)-!4(112Cn -360C+1200) | <0 
na 


-112n ,-360)[a *7Cb+CY )-443a+2(b+CY )) ]+1200[2a(b+CY)- +3] =O 


=t( 3 2Oa(b+CY )* +30 
© 112\" a %(b+CY)4 +3a4+2(b+CY)! 


Hence no single constant value of n, satisfies the conditions. 


Atoms in a Fe molecule 
Let n 


I 


Atoms in a C molcule 
Carbon (%) 
Carbon (molfraction) 
56 Cn 
(56n — 12) C + 1200 















Y = Reciprocal of absolute temperature 
If (C + a) (Y + b) = K and Log x = AY + B then 
d? Log x 
ez * 


= QO 
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(56n-12) C+1200 56 n (K-ab-aY) 1 


56 Cn ' (56n-12)(K-ab-a Y)+12000CY +b) dY 

by (56n - 12) C + 1200 — 67200 nk 

C+1200 56 Cn ((56n-12)(K-ab-aY) +1200(Y +b)] ° 

— 1200 Kk 
~ (K — ab — aY) (a — BY) 
If a = (56n — 12) (K — ab) + 1200 b and 
B =a (56n 12) 1200 
d? Log x | — 1200 Kk 
a “ag” Becw athe — 8G 

abB —aa+2aBY — KB 

isa Gwe 

If abB — aa + 2aBY— KB = O then a = O and B=O 


»+ cY)} 


n, hence 


= + 1200 K 


12 (K — ab) — 1200b 1200 +12a 
= On= - - = ~ =nIf B=O 
56(K — ab) 56a 
Hence K= O If @ and 8 are both zero. 


If (a — BY)? =o, 
a — BY = (56n — 12) (K — ab — aY) +1200 (b+ Y) = + © 


itions. n= 7T © 


ACKNOWLEDGMENTS 


The writer’s thanks are due to the U. S. Bureau of Standards 
and especially to Mr. Louis Jordan for furnishing the nearly pure 
metal samples ; to the Cleveland Wire Division of the General Electric 
Company and especially to W. P. Sykes for the glass work involved 
in their heat treatment and to Messrs. G. M. Guiler, H. H. Johnson, 
C. H. Junge and T. M. Chapman for the execution of experiments 
and calculations involved in the paper. 


DISCUSSION 
Written Discussion: By Yap, Chu-Phay, physical metallurgist and 
chemist, 27 Grove St., New York City. 


This important and significant paper by Mr. Schwartz is to be welcomed 
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and the American Society for Steel Treating may be congratulated for 
opportunity of having him present this paper before its convention. Aside fron 
the established reputation of the author of this paper, its serious and schola 
treatment alone merits full consideration from all of us. 

Much of the material included in the paper covers also my main stu 
in the past two years or so. Unfortunately some of my results do not appeai 


be in agreement with Mr. Schwartz’ conclusions and I merely present them 


his and your consideration. 


Il. The terms “stable” and “stability” need to be properly defined 


think the free energy concept offers us the most reliable tndex of stability 


we may say a compound is stable if its free energy of formation is negatiy: 
and a fairly large quantity, because a reaction always goes spontaneously in the 
direction of maximum diminution of free energy. Thus as Lewis and Randall 
aptly call it, the free energy change is the driving force which indicates th 
direction in which a reaction may take place. 

It has been erroneously held for a long time that the heat of formation 
is a criterion of the stability of the compound, because it was assumed that the 
higher the heat of formation, the larger the chemical affinity of the elements 
forming the compound. Although the falsity of this conception of Bertholet 
(who, however, very happily chose the most appropriate term of “maximum 
work”) was immediately shown by van't Hoff and others, it, nevertheless, pet 
sists to this day because in many cases it is quite true that, for example, an 
endothermic compound is unstable. Because we know that the heat of formation 
of FesC is always endothermic up to very high temperatures, we erroneously 
assume it to be consequently unstable. It may or may not be so, and only free 
energy calculations will decide this point. 

Il. With that in view I have made a thorough study of the free energy 
of formation of FesC from room temperature to as high as 1400 degrees Cent., 
but unfortunately a technical society to which I submitted my paper rejected 
it. Incidentally I should like to say that I have evolved a simple graphical 
method of obtaining the equilibrium constants necessary for the calculation of 
the AF yalues, which appear to give far more reliable results than direct ex 
periments. In order not to complicate my discussion, I shall merely enumerate 
a few of my conclusions : 

(a) I found that FesC in equilibrium with saturated austenite (above th« 
\, temperature, of course) is stable above about 850 degrees Cent. (The con 
cept of Fe,;C in contact with pure alpha iron above the A, point is purely fic 
tional and has no physical meaning.) Cementite is accordingly unstable at 
650 degrees Cent. 

(b) I found also that FesC in equilibrium with saturated austenite becomes 
increasingly more and more stable as the temperature increases. Proof that 

.F of the formation of FesC is a large negative quantity is simply the fact 
that when carbon is added to molten iron and then quenched rapidly afterwards, 
we obtain Fe:;C and not carbon. To use a slightly incorrect but more easily 


understood term, the chemical affinity of iron and carbon must be great enough 


~ 





1G. N. Lewis and M. Randall, ‘“‘Thermodynamics and the Free Energy of Chemical 
Substances,”” 1923, McGraw-Hill Book Co., New York. 
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, drive them to combine The degree ot dissociation of pure KesC melt can be 
isily calculated from the value of AF RT In K, where K is simply the 
iss-action constant. However, 1n the presence oft excess iron, as 1n hypoeutectic 
on-carbon alloys, FesC should be dissociated only very slightly in the melt.’ 
(c) In the reaction, 3(a)Fe + C FesC; worn 9500 cal./mol 
tentative value). The positive quantity indicates that Fe:C 1s unstable at room 
temperature. 
(d) From the vapor pressure data (of CO/CO.) | found that somewhere 
hetween 1000 and 1100 degrees Cent., a change in the austenite may occur, as 


suggested by my detailed analysis of the magnetic data obtained by Honda 


and Endo. 


Ill. The breakdown of FesC by annealing is not itself proof of the unsta 
bility of the compound, at least from a strictly thermodynamic point of view 
lf we place a piece of iron in steam at, say 1000 degrees Cent., so that the 


reaction 


Fe + H:O FeO + H:; AF; (1) 


takes place, we do not customarily claim that H.O as such is unstable. Reac 
tion (1) takes place to the right until equilibrium is established, because the 
free energy of reaction (AF;) is negative and a fairly large quantity. I am 
not claiming that Fe:C is stable at all temperatures; I wish merely to point 
out the thermodynamic implications of the word stable, as it is generally used. 

[V. Although unimportant, I should like to call attention to the fact that 
further graphitization of the pure iron-carbon samples Mr. Schwartz used 
in his study does not appear to constitute sufficient proof that no gas is adsorbed 
in the graphite in the sample before the anneal. In fact, the presence of 
graphite in the sample is sufficiently strong proof of the probable presence 
of gases in the sample. The sticking of the sample to the glass (inner) tube 
may be due to the expansion of the sample and the absence of any outward 
deformation of the glass tube may be due to the higher pressure outside it 
(that is, in the silica tube), according to their own admission. 

While I cannot entirely subscribe to the theory of Professors Honda and 
Murakami regarding the catalytic influence of the carbon oxides, because cataly 
sis, by definition, implies the mere acceleration of a chemical reaction which 
would otherwise take place only very slowly, I quite agree with them that 
eraphitization at high temperatures is probably due to the presence of absorbed 
or adsorbed carbon oxides in the alloy. 

V. In a paper accepted for publication by this society, I have obtained 


an Aem line expressed in terms of per cent carbon by weight by the equation 
%C = 2.17 x 10°t 0.767 (2) 


“Consult, for example, the complete transcript of discussion to my paper on “‘A The 
modynamic Study of the Phasial Equilibria in the System: Iron-Carbon”’ Technical Publica 
tion No. 381, American Institute of Mining and Metallurgical Engineers, which will prob 
ibly appear in the yearly TRANSACTIONS. 


‘Honda and Ende, “Influences of Dissolved Carbide on the Equilibria of the System 
lron-Carbon,”’ Technical Publication No. 382, American Institute of Mining and Metal 
lurgical Engineers, 1931. 
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\t A, (720 degrees Cent.) C 0.795 and at 1130 degrees Cent., C Lf 
per cent carbon. The apparently equilibrium values I have derived inv 
the use of a method which implies that the A; and Aem points were obtain 
at infinitely slow rates of heating and cooling. I only give equation (2) he: 
as a matter of interest. 

VI. If I may suggest, a much simpler thermodynamic equation governing 
solubility directly derived from the unintegrated form of the van’t Hoff rea 
tion isochore 1s 


d log x AH 


d(1/T) 


2.3R 











By plotting x (molar concentration of the solute) against 1/T, the slope oi 
the curve thus obtained should give the heat of solution. Assuming an ideal 
solution, the integral and differential heats of solution should be identical. |] 
have also shown in a paper submitted elsewhere that carrying the conception 
a little further, we should find in an ideal solid solution that the heat of solu 
tion in the solid should be also identical to the heat of solution of the solid 
solute in the melt (that is, the heat of fusion). I found this actually to be 
the case‘ and calculated the heat of fusion of Fe;C to be about 5720 cal./mol, 
without introducing any correction due to AC». 

The agreement between the heat of fusion and the heat of solution of Fes( 
in austenite appears to be very strong evidence that the solute in austenite 
(at least, up to about 1020-1050 degrees Cent.) is FesC, as the solute in the 
melt is FesC. 

VII. In the same paper, I have also attempted with negative results to 
investigate the possibility of iron being soluble in FesC according to Mr. 
Schwartz’ previous suggestion. When there is solid solubility at both ends 
of the diagram, equation (2) must be modified by introducing the distribution 
constants thus: 


— (4) 
2.3R 

since the solute in contact with the solution (liquid or solid) is no longer pure, 
but has a molar concentration of x’. When there is no solid solubility at the 
other end of the diagram, then x’ 
to equation (3). 


VIII. The reputation of Watase and Roth (especially the latter) for very 


careful work is well-known and their values of the heat of formation of Fe;C 
varying from 2 


1 and drops out and equation (4) reverts 


. to 3.9 Cal./mol, however different compared to the values 
obtained by others, nevertheless, warrant careful consideration. Recalculating 
the values of Brodie, Jennings and Hayes on the basis of Roth’s latest and 
apparently more accurate values of iron oxides, I obtained the following fig- 


ures: 12,367, 13,670 and 12,220 cal./mol. The first and the last check within 








_ *This is not the only case, as I have shown ir my paper on “ 
of the Equilibria of the Systems: 
lication No. 397, American 


heat of solution antimony in lead is identical to its heat of 


A Thermodynamic Study 
is: Antimony-Bismuth and Antimony-Lead,’’ Technical Pub 
Institute of Mining and Metallurgical Engineers, 1931, that the 


fusion. 
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1.685 ‘flowable experimental error, and since the value of the second one is about 
| invo , 13 calories off, we may reject it and accept the mean value of 12.3 Cal./mol 
obtains : i the heat of formation of Fe;C at 25 degrees Cent. (actually at 30 de- 
(2) her YE: 

From the fundamental free energy equation, AF AH TAS, we 
Overning calculate AF when we know AH and AS, the entropy of formation in the 
ft rea resent case. Giving only rough figures (sufficient for our present purpose of 


‘IIustration) AS is about 10 entropy units and if 4H is taken as 12.3 Cal., then 


3) \ Fs 12,300 298 x 10) 
9320 cal./mol. 


slope oi which is in rough agreement with the value given in II (c). On the other 
an ideal hand if we used Roth’s value AH value of 3.9 Cal./mol, we obtain AF as 920, 
tical. |] which would make FesC only very slightly unstable. Using Watase’s later 
nception value of 2.5 Cal./mol, AFa2s = —480 cal., which would make FesC stable at 
of solu- room temperature. Although I was at first inclined to give the lower values 
he solid more consideration, I must now set myself on record that in spite of Roth’s and 
y to be Watase’s careful work, their values appeared to be in great error, unless FesC 
‘al./mol, is very much less unstable than it is at room temperature. The fair agree- 
ment between the work of Ruff and his co-workers and the work of Hayes and his 
ot Fest co-workers and the results of my own free energy study, all indicate that the 
ustenite value of 12.3 Cal./mol probably represents the best value. 
- in the IX. I regret very much to be unable to agree with Mr. Schwartz’ hypo- 
thesis regarding the existence of boydenite; I would like to believe in its 
sults to existence, because it would simplify many of my calculations. There should be 
to Mr. more than one comparatively easy method of proving the existence of boydenite. 
th ends If we hold a steel at a temperature above A; sufficiently long enough, then 
ribution the austenite should eventually transform to boydenite, which when quenched 
und tempered should precipitate carbon (graphite). Consistent with Honda’s 
theory of hardening of quenched steel, they assume the solute to be carbon 
) and consequently they held, until only very recently, that the precipitated carbon 
then combines to form Fe;C at some range of temperature (about 300 to 400 
degrees Cent.). Since AF is positive from room temperature up to at least 
‘r pure, a. ee ; die 
: \;, it is difficult, therefore, to conceive the recombination of iron and carbon to 
nes - Fe:C. It seems to me that, aside from other sources of evidence, and there is 
Serer se considerable, the fact that we always obtain FesC in steels tempered at low 
ea temperatures, is very strong evidence that the solute in austenite is Fes;C and 
ve not carbon, as I have already shown from an analysis of the magnetic data 
x an obtained by Honda and Endo (loc. cit.). 
values As I have already mentioned above, evidence is gradually accumulating 
ulating that around 1020 to 1050 degrees Cent., there may occur a transformation in 
‘st and rey Z : ; E : 
3 austenite, in which above that temperature, the solute, at least in terms of chem1- 
ae, cal energetics, should be considered as carbon and not FesC. The change may be 


conceived to be brought about as follows: it is only reasonable, on the basis of 


c Study 

al Pub STt is perhaps needless to point out that Mr. Schwartz’ calculation of the maximum 

that the work realizable from the heat of formation is incorrect. According to him, AS = QO, so 
hat AF = AH. This is the Bertholet principle of maximum work. 
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our X-ray evidence, to assume that the carbon on the Fes:C occupies the 
of the face-centered cube. X-ray crystal analysis, at least at the present stag 
of development, is unable to describe the force field of the carbon atom with r; 
spect to the other atoms, so that all we can say is that at any instant the for 
field of three iron atoms and one carbon atom is such that we must consider th, 
existence of a Fe;C molecule. The disruption of this molecular force field du 
to the large thermal agitation does not involve any rearrangeemnt of the austen 
ite lattice, as the relative positions of the six iron atoms occupying the faces of 
the cube to the carbon atom in the center still preserve the stoichiometrical r; 
lation of the compound 6(%Fe) + C FesC. Such a picture of a transforma 
tion of austenite’ also precludes the existence of boydenite, which implies a 
substitutional type of lattice. 

In conclusion I should like to explain that if the tone of this discussion ap- 
pears to be rather dogmatic, it is because I have given only certain conclusions 
drawn largely from my unpublished papers. I felt great hesitancy at first in 
contributing this discussion, because it might appear that I do not appreciate 
the enthusiasm and interest of Mr. Schwartz, but the larger claims of science 
would not be served by anything less than an honest appraisal of his paper, 
nothwithstanding my personal feelings and high esteem for him. The industry 
with which he is associated is fortunate to have a leader so advanced in view- 
point and so receptive to new ideas and new methods. Finally, any criticism | 
have made of Mr. Schwartz’ paper should not detract one whit from its merits 
nor obscure its significance. 


Author’s Closure 


The discussion presented by Yap, Chu-Phay should contribute materially 
to the interest of the writer’s paper. In so far as the discussor has amplified 
the paper with additional information frequently without having space for a 
complete exposition of the root sources of his ideas further discussion by the 
author is perhaps unnecessary. There remain a few points which apparently 
constitute actual difference of opinion on matters connected with the interpre- 
tation of the diagram concerning which a reply is called for even though in 
making this reply the author must extend the discussion beyond the confines 
of the original paper. 

To the writer it appears that the terms “stability” and ‘“metastability” 
are so well understood that no confusion is likely to arise in the minds of any 
metallurgist sufficiently well informed to be at all interested in the subject 
matter of the original paper. There should be no confusion between the stability 
of a compound formed from its constituents by a first order or monomolecular 
action and a second order reaction such as the formation of iron oxide from 
iron and steam which the discussor cites as an instance of the decomposition 
of the compound water in a temperature range where that compound is stable 

We probably all understand already that any reaction proceeds, it at all, 
in that direction corresponding to the liberation of energy. If the reaction 1s 
hetween two elementary components of a compound this means clearly that the 


compound is stable or unstable dependent upon whether energy is liberated 





‘Plans are now under way to study this subject by means of X-ray analysis. 
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| it is formed or when it is decomposed. It means also that a reaction oc- 

ring spontaneously indicates by its direction the algebraic sign of the free 
energy change 4 F. It does not follow, however, that the absence of a reac- 
tion proves the stability of the existing system; the classic text book illustra- 
tion being that hydrogen and oxygen do not combine at room temperature even 
‘hough water is a stable compound at that temperature. It is not clear, there- 
fore, why the discussor in Section ILI should not consider the breaking down 
‘ cementite into its constituents as evidence of instability. 

The criticism that the true measure of stability is found in the free energy 
of formation rather than in the heat of formation of the compound is entirely 
‘ustified. It happens, however, that the writer knew of no very reliable deter- 
minations of the former constant and also wished to bring into the picture the 
information derived from the Japanese specific heat data. That the free energy 
data are in a somewhat confused state, may be judged from Note 11 of the 
discussor’s paper, “Influence of Dissolved Carbide on the System Iron-Carbon,” 
Technical Publication No. 382, American Institute of Mining and Metallurgical 
Engineers. Here Mr. Yap, does not give us sufficient information to show why 
he gets values different from Messrs. Maxwell and Hayes. The reasoning, 
whatever it may be, is somewhat vitiated by the fact that his data are “con- 
sistent with Watase’s low value of 4800 calories at room temperature” (for 
the heat of formation of cementite), while in the present discussion of the 
writer's paper in Section VIII Mr. Yap, himself sets out reasons for rejecting 
the data of Watase and of Roth for the heat of formation in favor of the 
results of Messrs. Brodie, Jennings and Hayes. The writer will recur a little 
later to some further implications of the free energy of reaction. 

Lacking adequate knowledge as to A F the writer hoped to gain some idea 
of the stability of the system from the heats of formation correcting as indi- 
cated for, the energy change corresponding to the irreversible expansion of the 
iron in graphitizing which change does not occur during the calorimetric com- 
bustion of cementite as such. As evidence that such a course is not altogether 
without merit we may quote, from Mr. Yap (loc cit page 6) “we know that 
FesC is endothermic compound and we have, therefore, good reasons to 
believe that the change in the free energy (A F) of the formation of FesC 

is also plus in sign.” So far as the writer knows, computations of A F 
for the formation of cementite have always been based upon studies of the gas 
equilibria in the systems CO-CO: or CH.-H in contact with free carbon and 
with cementite. The leading authority in this field is presumably Rudolph 
Schenck, who, after twenty-five years of research and after correcting a previous 
erroneous opinion to the contrary, finally located these equilibrium curves with 
such relative positions that the curve representing the equilibrium with cement- 
ite departs from that representing the equilibrium with carbon in the direction 
of higher CO concentrations at lower temperatures. The relative positions of 
these two curves prove that cementite is always unstable within the tempera- 
ture range for which the reaction has been studied. We need not calculate 
values of A F to prove this but need consider only the following. 

At a given temperature the gas in equilibrium with FesC is richer in 
carbon monoxide than that in equilibrium with carbon and the reaction, 
2 CO = C + CO. proceeds where the same gas is in contact with carbon. 
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react (() 
3 Fe (assuming that no reaction with iron takes 
which reaction if it did occur, would represent a different system from 
which we are studying). Fe:sC would thus be continuously converted jn; 
iron and free carbon and if the reaction will proceed in this direction by 


Such portions of this gas as come in contact with cementite then 
+ FesC 2CcCO +: 


1 
* } 


particular mechanism under discussion, it must proceed in the same directi: 


\ 


any other method and in turn it would be impossible to obtain by calculati 

from the given curves any value of A F which was not of that algebraic sig, 
corresponding to the known direction of the reaction. The work of Schenck 
thus confirms the observed fact that cementite is unstable in the range from A 
up to as close to the eutectic melting point as the experiments have been mac 
to extend. The direction of this reaction has been observed frequently ; among 
others by Messrs. Bates and Lawson on vacuum-melted alloys of a fair degre 
of purity and commercially in the presence of silicon on such an enormous scal 
that the facts can scarcely be disputed. 

Consideration of the fact that the presence of silicon would affect th 
stability of cementite only if dissolved therein or combined therewith and that 
in either of the above cases the vapor pressure of carbon from cementite would 
be lowered by the presence of silicon, the stability of cementite could not be 
decreased by the element silicon. This is not to say that the speed of the reac 
tion is not greatly altered. 

Commenting on the graphitizing of pure iron samples the discussor says 
in Section IV that he does not feel that the possibility of adsorbed gas in the 
graphite has been excluded; presumably in a rigidly technical sense this is 
true. Consider, however, that according to the discussor’s viewpoint the liquid 
melt contains cementite in solution, not graphite; with this thought the writer 
is in agreement. The metal froze in a fairly respectable vacuum and after 
freezing is known to contain graphite. Beyond the exceedingly small mass of 
gas contained in the melting apparatus at low pressure the writer does not se 
where the graphite got any gas to adsorb nor, being completely enclosed 11 
steel, does he see where this graphite came in contact with any gas which it 
might have adsorbed during the interval in which it was shipped from Wash 
ington to Cleveland. It is the writer’s impression that the work at the Bureau 
of Standards has rather definitely shown that the vacuum fusion method com 
pletely degasifiies liquid iron. 

It may be repeated that the shape of the glass tubes after graphitization 
showed that they were collapsed onto the sample, not that the sample had ex 
panded into contact. The absence of any gas bubbles would seem to prove 
that the higher pressure on the outside was able to force the glass against th 
metal without leaving any measurable accumulation at the pressure which the 
gas in the silica tube had. The discussor’s suggestion that, after all, detectable 
amounts of gas might be present, might therefore be ignored as not consistent 
with experimental observation. 

With regard to the solubility of iron in cementite referred to in the dis- 
cussor’s fourth section, it may be said that some recent work by other methods 
has shown compositions such as encountered by Messrs. Bates and Lawson do 
indeed exist. It will be shown in a paper to be published later how these sub- 
stances are related to cementite. 
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The lack of graphitization in steel above the As point, although not yet 
rly explained, may not prove the stability of austenite or cementite in this 
feld. It has already been pointed out that reactions will not always start even 
though they desire to proceed in some particular direction. 

[he persistence of cementite in cast irons quenched in the liquid state 1s 
another instance in point. The presence of this cementite does not prove that 
ementite is stable and does not want to decompose but only that for lack of 
time or other considerations it does not do so. The co-existence of certain 
phases in an unchanging system proves nothing as to their stability unless we 
know that this system is in equilibrium. Usually we know this only if we 
have been able to observe changes in the system with time. In so far as there 
‘s a difference of opinion between Mr. Yap and the author, that difference 
seems to arise entirely out of the question of whether or not cementite is ever 
stable at temperatures, say above 800 degrees Cent. The discussor maintains 
that cementite is stable on the ground of certain free energy calculations which 
he has made. In the original paper the writer has given possibly inconclusive 
reasons for considering it thermodynamically unstable. The writer further 
believes that this latter conclusion has the merit of being confirmed not only 
by direct experimentation but also by the available data regarding gas equili- 
bria. Neither of the two latter points were included in the original paper 
merely because the author was not attempting to deal with all possible aspects 
of this problem which in the aggregate constitute only a part of the subject 
matter of the original article. 

Although profoundly convinced of the importance of thermodynamics in 
the study of metallurgy, the writer cannot refrain from sounding a note ot 
warning. Thermodynamic considerations are frequently somewhat complicated 
and obscure to the point where even very able students unconsciously are led 
astray. Observers of the first rank have occasionally reported data subse- 
quently found not to apply to the particular reactions or systems which were 
believed to have been realized and errors of reasoning are not altogether 1m- 
possible. One of the best tests for the validity of any particular discussion 1s, 
therefore, whether the known facts confirm the conclusions. When a conclu- 
sion is reached not in harmony with the accepted facts then one of three things 
has happened. The facts are not as they were supposed to be, the reasoning 
has been erroneous, or the reasoning was based on inaccurate assumptions. 
In other words we cannot start from the truth and by correct reasoning get 
anything but a truthful conclusion. 

The writer does not understand all the successive steps by which the dis- 
cussor arrives at his conclusions; this is in part due to the brevity with which 
these conclusions were dealt with in the discussion and in part, perhaps, also 
is a reflection upon the author’s knowledge of thermodynamics. Under these 
circumstances he cannot say whether in his opinion the error resides in the 
original data or in the use that was made of it but feeling fairly sure of the 
ultimate facts, not only on the grounds of the present paper but for other rea- 
sons discussed above, he has very grave doubts of a conclusion which the discus- 
sor is defending and sees no reason to alter his opinion that cementite is un- 
stable at all temperatures above the lowest at which its unstability has been 


observed. 
























NONDEFORMING ALPHA-DELTA CARBURIZING 








By A. B. 


IK INZEL 





Abstract 





Observation indicates that the largest factor relating to 
distortion involved in quenching of carburized steel is the 
volume change produced by phase changes in the core. 
Accordingly, carburizing steel has been produced, in which 
the core has been rendered free from phase changes by 
additions of suitable amounts of alpha-forming elements 
such as silicon, vanadium, and chromium. These steels 
were found to carburise readily, the case being rendered 
austenitic by the increased carbon content. Thus, at tem- 
perature before quenching, the article consists of an 
austenitic case and a ferritic core. The tests show that 
with this combination distortion on quenching is a mini- 
mum. Core properties have been improved by the com- 
bination of chromium and silicon, with the probable 
formation of silicides, so that a steel has been produced 
which is suitable for industrial application where non- 
distortion is the prime factor. 























ISTORTION in hardening carburized members has long been 
a problem to the steel treater and producer. Most attempts 
to minimize this distortion have consisted in lowering the hardening 
temperature by lowering the critical point of the steel. This is ac- 
complished by introducing into the steel, gamma-forming elements 
such as nickel and manganese, and retained austenite also helps to 
reduce the distortion. Considerable progress has been made in this 
direction. 

Distortion on quenching carburized specimens is due to a num- 
ber of causes, the principal one being the effect of strains caused by 
differential volume changes as various points in the article pass 
through the transformations at different times and temperatures dur- 
ing the quenching. Another factor in distortion is the strain due to 
normal temperature gradients throughout the mass, but this is prob- 
ably much less important than the first mentioned cause. For ex- 








A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author, A. B. Kinzel, is a 
member of the society and is associated with the Union Carbide and Carbon 
Research Laboratories, Long Island City, N. Y. Manuscript received June 18, 
1931 
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1G STEEL 4 
; ple, quenching a specimen of 0.02 per cent carbon iron from ap- 
: oximately 800 degrees Cent. (1470 degrees Fahr.) results in very 
‘ttle distortion, even though the section be nonuniform. During 
; his quenching, the material undergoes no transformations, as it is 
ing to : entirely ferritic at the quenching temperature. Thus the ideal non 
is the | listorting steel would be one without allotropic transformations. 
core. (his, of course, presents a paradoxical condition, as these transfor 
which ; mations are necessary for the type of hardening usual in steels, 
jes by namely, martensite formation. Accordingly, the next best condition 
— c would be one in which only that portion of the specimen which is 
ars J to be hardened undergoes transformations. When this portion of 
| tem- the material is very thin, all of the hardened part undergoes trans- 
rf an E formation at approximately the same time, a condition not far from 
that ; the ideal. This condition would be realized in a carburized article 
parsing r with a case which is austenitic and a core which is ferritic at the 
able : temperature for quenching. One possible solution would be the use 
luced P of carburized iron with less than 0.04 per cent carbon in the core. 
non- . This piece as a whole could then be quenched from approximately 
: 800 degrees Cent. (1470 degrees Fahr.), the core at this tempera- 
ture being ferritic, the case being austenitic. This solution is im- 
long been i practical due to the extremely low core strength which results. If 
t attempts : the carbon exceeds approximately 0.04 per cent, the material when 


hardening 


ee 


heated to the eutectoid temperature, nominally 700 degrees Cent. 
his is ac- 


sae 


(1290 degrees Fahr.), becomes austenitic, at least in part. As the 


Eee 


yr > » > . . . - ry . . 
; elements temperature increases, more and more austenite is formed. This 1s 


and: 


0 helps to the case with the usual carburizing steels now in use. 


de in this It is, however, possible to raise the temperature at which trans- 
formation will begin in a steel containing small but appreciable 
to a num- (0.010 per cent) amounts of carbon by means of moderate amounts 
caused by of alloying additions. If the alloy addition is sufficient, this temper- 
ticle pass ature is increased and the gamma-delta transformation temperature 


tures dur- is decreased until the gamma phase is completely eliminated. This 
ws due to is, of course, the well-known austenite loop common to the alloys 
= prob- of iron and alpha-forming elements. The best known examples of 
For ex- this loop are illustrated in the diagrams of the iron-chromium, iron- 


silicon, iron-vanadium, iron-tungsten, and iron-molybdenum systems. 


the society 
-inzel, is a In Fig. 1, a typical “iron-alpha forming alloy” diagram is shown. 
ind Carbon : 
od June 18, 


This diagram is based on very low carbon percentages. As the car- 
bon content is increased, the two-phase region is widened, and the 
end of the austenite region occurs at higher and higher alloy con- 
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tents, so that at a high carbon content, such as 0.90 per cent, 


amount of alloy necessary to suppress the gamma transformati: 
; 7 PI g 


nN 


i 


18 


becomes very great indeed. <A typical diagram for such an alloy 


shown in Fig. 2. Free carbides are omitted from the diagrams. Ii 


we now consider a carburized alloy article of composition X in Figs, 
1 and 2, it will be readily seen, as shown in Fig. 1, that at 800 de- 
grees Cent. (1470 degrees Fahr.) the core material is completely 
ferritic and may be cooled to room temperature without transfor- 


Solidus 


a 


% Alpha- forming Alloy % Alpha-forming Alloy 





Fig. 1 Fig. 2 
Fig. 1—-Diagram for Iron with 0.10 Per Cent Carbon with Alpha-forming Alloy. 
Fig. 2—-Diagram for Iron with 0.90 Per Cent Carbon with Alpha-forming Alloy. 






mations. On the other hand, the case material represented in Fig. 
2 is austenitic, and on quenching should form the type of ferrite 
typical of quenched steel,—martensite, troostite, or sorbite, depending 
on the quenching rate. This case and core combination then ful- 
fills the requirements set forth for a carburizing steel which will 
undergo minimum distortion. 

The problem of synthesizing such an alloy presented several 
phases. As stated above, the production of alloys which are wholly 
ferritic depends entirely on alloying with the proper amount of alpha- 
forming elements so that this part of the problem is readily solved. 
The next question which arises is the process of carburizing. Only 
very small amounts of carbon are soluble in ferrite, so that it should 
not be possible to carburize a ferritic steel. To investigate this, a 
steel was made with high silicon content, and a carburizing test car- 
ried out. Study of the microstructure showed that the ferrite takes 
up a certain amount of carbon at the usual carburizing temperature 
(900 degrees Cent.) (1650 degrees Fahr.). This is sufficient to 
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) ALPHA-DELTA CARBURIZING STEEI 44] 
Table I 
Alloy Content and Physical Properties of Alpha-Delta Steels 
Alloy Content—Per Cent Core Properties Case Hardness 
; Yield Ult. Elong. Red. Oil Quenched 
[Teat Point Strength in of l in. rd. 
N Si Cr V W Zr Lbs. sq. in. Lbs. sq. in. 2in. Area Rockwell “C”’ 
Per Per 
Cent Cent 
2.31 1.04 = a ive 53,000 77,000 28 62 62 
1.55 1.21 sae nk oe 32,000 63,000 35 71 62 
1.31 0.84 0.26 =a oes 58,000 86,000 32 65 65 
306. 1.21 Gis aa eiata 51,000 83,000 29 64 64 
[ay 1.27 Gis are 5 a 40,000 81,000 28 16 60 
2.04 Be 0.67 Pave een 35,000 58.000 35 74 62 
1.05 ae. {ae ae 7m 50,000 66,000 38 78 62 
1.45 1.27 0.14 aie | ee 35.000 67.600 36 68 61 
) 1.52 0.62 i 1.45 Jet 43,000 91,000 3 35 62 
l 1.84 tin iow oe parac.' «  Sebignes oaeen ily ets 65 
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Fig. 3—Tensile Specimens as Heated at 900 Degrees Cent. (1650 Degrees Fahr.), 
Furnace-cooled and Quenched from 800 Degrees Cent. (1470 Degrees Fahr.). Heat Nos. 


1, 5 and 2 Respectively. 

cause the ferrite to change to austenite. Accordingly, much more 
carbon is taken up and passed on to the adjacent ferrite which 
changes to austenite, and the process continues, the whole taking 
place at such a rapid rate that the limiting factor in the carburizing 
is not the allotropic state of the steel, cases of the same depth being 
produced in about the same time as in the usual austenitic steels. 
The next question involved was the matter of obtaining satis- 
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factory core properties under the above limitations. Accordingly 
a number of iron alloys with maximum 0.10 per cent carbon with 
certain of the usual alpha-forming elements were made in a 6-pound 
induction furnace. Silicon was favored because of its low cost, and 
chromium because of its hardening action and the probable forma 
tion of chromium silicide which should improve the core properties 


1017°C 


Fig. 4 Dilatometet Curves on Specimens from Heats Nos. 
4 and 7 Respectively. 








Vanadium and tungsten were used for their grain refining influence. 
Zirconium is an alpha-forming element, known to increase shock re 
sistance. ‘Table I shows the alloy content of the heats and the core 
properties after carburizing and quenching treatments. Tensile speci- 
mens from heats 1, 5, and 2 are shown in Fig. 3. Although the yield 














points and ultimate strengths are not as great as is usually obtained 
with commercial carburizing steel, they are sufficient for many pur 
poses where lack of distortion is the prime requisite. 

To further check the correctness of the theories above advanced, 
a study of the core materials was made with a dilatometer which had 
heen so arranged that temperature dilation curves were obtained 
directly. The curves for two of the heats in question (4 and 7) are 
shown in Fig. 4. That for heat 4 containing 0.93 per cent silicon, 
0.48 per cent chromium and 0.49 per cent vanadium, shows the way 
in which a critical point is indicated, and that for heat 7 shows a 
typical curve on material free from transformations. Carburized 
temperature gradient bars were quenched in order to determine the 
proper treating temperature. 
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Fig. 5—Photomicrograph of Case Pro- 
duced on Alpha-delta Steel No. 10. Orig- 
inal Magnification X 100, Reduced 40 Per 
Cent in Making Reproduction. 
























TRANSA( 





TIONS OF THE A. SoS. f. M 























































































































































These bars showed that the maximum hardness occurred 4} 
the points which had been at 800 degrees Cent. (1470 degrees Fahr.). 
Specimens of the heats in question were then carburized as 1-inc] 
rounds, oil-quenched from 800 degrees Cent. (1470 degrees Fahr.). 
and tested for hardness and microstructure. The Rockwell hardness 
figures given in Table I show that the requisite hardness is obtained. 
\ typical photomicrograph of the case, a specimen from heat 10, 
is shown in Fig. 5. This is self-explanatory, and indicates usual 
character and 0.07-inch depth of case after carburizing at 900 de 
grees Cent. (1650 degrees Fahr.) for 12 hours. 

Tests for distortion were then carried out on carburized speci- 
mens oil-quenched from 800 degrees Cent. (1470 degrees Fahr.). 
Photographs of the two types of distortion test specimens are 
shown in Fig. 6. The first of these is a slender round bar, and the 
second a disk with an eccentric hole and slot. The bars were placed 
on accurate centers and measured for straightness. Distortion of 
the disks was measured in the microscope with gage marks across 
the slot. Within the limits of accuracy of the measuring instrument, 
0.0005 inch, no distortion could be noted on the slotted disks, and 
the bars showed a maximum deviation from straightness less than 
one-tenth of that obtained en a similar bar of plain carbon steel 
with core containing 0.15 per cent carbon. This checks the theories 
and expectations in this matter. 


DISCUSSION 


The fact that an article with a hard, deep case may be produced 
with minimum distortion on quenching, renders it probable that com- 
mercial applications for this material will be found. Due to the 
nature of the steel, certain specific precautions and practices will be 
required in connection with particular applications. The lack of 
transformation in the core means that a more careful attention to 
finishing temperature on rolling is necessary, although the use of 
grain refining elements such as vanadium, will undoubtedly cut down 
troubles from this source. Although the work here described was 
carried out on small heats, there is sufficient background on this prac- 
tice so that it may be definitely stated that the results are indicative 
of those to be obtained in larger heats, and that probably even better 
properties may be expected from the larger heats. As to specific 
compositions, much depends on the specific application. It would 
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Fig. 6—Photograph of Distortion Test Specimens. 


seem, however, both from economic and _ technical considerations, 


that the iron-silicon-chromium base is desirable. 


To this base, vana- 
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dium should be added, as it is particularly effective in the co 
of grain size. The writer believes that with further work in , 

nection with specific applications where all the requirements and 
limitations of the problem are known, it will be possible to further 
augment the yield point and ultimate strength of the core, and that 
the basic principle evolved is susceptible of application. 


CONCLUSIONS 





The following conclusions are based on the work herein reported, 
and are, of course, subject to modification as work on a larger scale 
progresses. However, the first three items are of such a nature as 


to be independent of conditions of production. 


1. Alpha-delta steel may be carburized. 


2. The core properties of alpha-delta steel are unaffected by 
the carburizing treatment if suitable analysis is chosen. 
3. A carburized article with a gamma case and alpha core has 


the minimum tendency to distort on quenching. 
4. Chromium-silicon-vanadium steels are suitable for many non- 
deforming carburized parts. 
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DISCUSSION 


Written Discussion: By O. W. McMullan, metallurgical department, 
Timken-Detroit Axle Co., Detroit. 


The author has worked out an interesting theory for carburizing steels. 











\ steel without the gamma transformation in the core should decrease warpag' 
and volume changes even more than low temperature quenches on the ordi 
nary steels as changes in the latter of course take place as soon as the Ac 
point is reached which must be exceeded to harden the case. 

There does, however, seem to be the possibility of a very sharp dividing 
line between the martensitic expansion of the case and complete lack of such 
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gsion in the core. Might not this set up stresses which would produce 
-inding checks or exfoliation in service? The core also remains in its origi- 
nonhomogeneous condition as shown in Fig. 5 which may cause brittle- 

\ uniform sorbitic structure in a core is much more shock resistant 

4 mixed structure of ferrite and pearlite whether partially hardened or 

Control of grain size of the special steels to keep them fine-grained would 

<tly eliminate such brittleness. Fine-grained steels of the ordinary type dis- 

much less than coarse-grained steels, but this would probably have little 
no influence on the special steels. 

Written Discussion: By I. N. Zavarine, assistant professor of physi 
cal metallurgy, Massachusetts Institute of Technology, Cambridge, Mass. 

lhe author should be congratulated on his clear presentation of the prin 
ciples underlying the production of a case hardened article with hardenable 
case and nonhardenable core, also the possibility of producing a series of alloy 
steels satisfying such requirements. The method itself is a well established 
art in the production of cyanided malleable iron castings. 

\ consideration of the physical properties of the core of alpha-delta steels 
presented by the author in Table I leads to speculation regarding the probable 
field of application of such steels. A steel with an alpha-delta core will be 
inherently a low strength material, a fact which apparently will exclude such 
steels from applications to highly stressed parts. The principal advantage 
of these steels over hardenable alloy steels should be expected in their non- 
deforming properties on quenching. These properties should have been dem- 
onstrated more convincingly by the author. 

Written Discussion: By George M. Enos, assistant professor, depart 
ment of chemical engineering, University of Cincinnati, Cincinnati. 

This extremely interesting and valuable paper may point the way to over- 
coming some of the difficulties encountered in the quenching of carburized 
steel. The author is to be congratulated for his excellent work. 

One or two questions arise in connection with the text and perhaps Mr. 
Kinzel can help the reader to a better understanding. On page 440 it is stated 
“a steel was made with high silicon content, and a ‘carburizing test carried out.” 
What was the analysis of this steel? 

It is very interesting to note the statement that the “limiting factor in 
carburizing is not the allotropic state of the steel.” No comment is made as 
to whether the carburizing test was tried at higher or lower temperatures than 
1650 degrees Fahr. Further information as to time required, depth, and char- 
acter of the case formed might be of interest. 

On page 442, in the discussion of Fig. 4, reference is made to numbers “945” 
and “907.” These numbers do not appear on the graph. 


Author’s Closure 


The discussions received in connection with this paper are all of a con- 
structive and stimulating type, and the author wishes first to thank the dis- 
cussers for their thought and comments. In Fig. 5 a typical continuous photo- 
micrograph is shown. The transition zone from core to case is small, but not 
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unduly so, and as yet no difficulties due to exfoliation, as anticipated b 
McMullan, have been experienced. In general it is true that sorbitic 
ture is the most shock resisting. It is entirely conceivable that a ferritic 
ture would be equally shock resisting, provided the ferrite were strengthe; 
by precipitation of material other than carbides. Experiments herein reporte 
show that this is the case with the steels in question. We agree with } 
McMullan as to the effect of fine grain, and are glad that he stressed this point 

Mr. Zavarine’s analogy of the cyanided malleable iron castings is exce| 
lent, although it may be argued that there is a prime distinction in the ty, 
methods due to the presence of free carbon which can go into solution in th, 
iron if the temperature is higher than usual. In the fully ferritic steels this 
is not possible. That a ferritic or alpha-delta core is inherently a low strengt! 
material is not necessarily true, although it is true in the absence of certain spe 
cial alloying elements. Table | shows strength ranging from 80,000 to 90,000 
pounds per square inch, and such yalues certainly cannot be considered to rep 
resent low strength material. Moreover we believe it possible to increase this 
strength, provided all the other factors involved in a given application ar 
known. Professor Zavarine is entirely correct in stating that the principal 
advantage of these steels is to be expected in their nondeforming properties 
on quenching. The tests performed to demonstrate this nondistorting property, 
using specimens shown in Fig. 6 in the paper, were quite convincing to us 
However, only direct application to specific problems will show the full im 
portance and magnitude of this effect. 

The silicon steel referred to by Dr. Enos was chosen at random and was 
known to contain more than 2.5 per cent silicon. The steel was not specifi 
cally analyzed as it was simply a pilot test to study the carburizing phenomena 
The only essential feature was that silicon be high enough to keep the steel 
ferritic at all temperatures. Carburizing tests on the various steels in ques 
tion were only tried at 1650 degrees Fahr., as no difference was noted in the 
carburizing performance in these steels and the usual austenitic steels. Higher 
temperatures would cause undue grain growth and lower temperatures would 
reduce the rate of carburizing in at least the usual well known manner. Thus 
we did not see any great point in studying this phase of the problem. 

In conclusion we would like to stress the fact that, while these steels have 
certain limitations due to their very nature, they also have certain very marked 
advantages, and that there are no doubt many applications where the limita- 
tions will not be serious and the advantages will be decidedly worth while. 













ipated by \, 
sorbitic 


ferritic stry 


e strengthened 


erein reporte 
rree with Mr 
‘sed this point 
ings is excel 
on in the tw 
solution in th 
itic steels this 
1 low strength 
of certain spe 
,000 to 90.000 
idered to rep 
) increase this 
pplication ar 
the principal 
ing properties 
‘ting property, 
vincing to us 
the full im 


ilom and was 
is not specifi 
ig phenomena. 
keep the steel 
teels in ques- 
; noted in the 
teels. Higher 
ratures would 
ianner. Thus 
lem. 

se steels have 
very marked 
re the limita- 
rth while. 















AGING IN LOW-CARBON STEELS 
A. ALLAN BATES 


Abstract 











































This paper describes in some detail relationships be- 
tween quenching temperature and aging ability of extra 
soft steels. The degree of age-hardening of which low 
carbon steel is capable may be compared favorably with 
that of duralumin and other aluminum iii The author 
points out that this aging is due largely to precipitation 
(submicroscopic) of carbides within the ferrite grains and 
the resulting hardness in the steel is inversely proportional 
to the individual particle size of the precipitate. 

25 or 30 days are usually required for precipitation, 
but this time may be greatly reduced if the steel is heated 
to a comparative Ly low temperature, for example, 30 min- 
utes at 100 degrees Cent. has a distinct effect. If the steel 
is slowly cooled from temperatures near the A, point or tf 
it is tempere d for a suitable period at temperatures of 100 
degrees Cent., age-hardening may be entirely avoided. 


MONG the most interesting of the physical properties of 
A certain aluminum alloys such as duralumin is their capacity for 
ave-hardening at room temperature after suitable heat treatment. 
During the past decade this phenomenon has been thoroughly in- 
vestigated by metallurgists in both the United States and Europe and 
its causes are now thought to be fairly well fixed and understood. 
In view of the importance of this age-hardening to the aluminum in- 
dustry and of the amount of study which has been expended upon 
it, and in view of the simplicity of the theory concerning its under- 
lying cause, it is perhaps strange that the possibility of a similar 
aging in iron and steel has received so little attention. It has, indeed, 
been frequently remarked that the hardness and ductility of certain 
steels may occasionally change in notable if not discomfiting fashion 





This paper constitutes a resumé of certain portions of a research project carried out 
by the author at the Ecole Superieurc de la Métallurgie et de I'Industrie des Mines at 
Nancy, France, in partial fulfilment of the requirements for the Doctorate of Science at 
the U niversity of Nancy. 


A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author, A. Allan Bates, 1s a 
member of the society and is instructor in metallurgy, Case School ot Applied 
Science, Department of Metallurgy, Cleveland. Manuscript received June 12, 
1931. 
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during a certain period of time after the steel has been put int 
although no incidental “heat treatment” or mechanical work can | 
intervened to account for the mysterious change. 


} 
US¢ 


Ld V¢ 


One of the first careful investigations of the aging of steel was 
that made by Masing and Koch in 1928. A review of their results 
was published in Stahl und Eisen, August 2, 1928. These invest; 
gators found that a low carbon steel quenched rapidly from 66 
degrees Cent. (1220 degrees Fahr.) would increase from about 12 
to 190 Brinell during the course of a 16-day aging at 20 degrees 
Cent. They suggested that this was the effect of a precipitatio 
hardening of the same type as that which occurs in duralumin. Late 
work tended to show that any one of a number of elements present i: 
the steel might cause the age hardening. Most notable among thes 
elements are carbon, nitrogen and oxygen. In 1930 (Le Genie Civil 
September 13, 1930) Professor Seigle of Nancy published an inter- 
esting memoir relating to certain strange results which he had ob- 
tained during the course of an investigation of extra soft basic Bes- 
semer steels. In brief, Seigle found that the aging power of this 
steel was very marked after a quench at 700 or at 900 degrees Cent 
(1290-1650 degrees Fahr.) but that it was comparatively small after 
quench at 800 degrees Cent. (1470 degrees Fahr.). (See note below.) 

The present paper takes up in detail the relationship between 
quenching temperature and aging ability of extra soft steel. It pro 
poses a theory to account for this peculiar relationship and gives a 
brief account of a number of experiments out of which this theory 
grew. All the work of this research was carried out on an extra 
soft basic Bessemer steel of the following composition : 


Per Cent Normalized at 975 degrees Cent. (1790 degrees Fahr.) 
4 0.026 this steel has the following mechanical properties: 
S 0.032 Ult. Tensile Strength = 60,200 Ib. per sq. in. 
Mn = 0.34 “lastic Limit 42,200 Ib. per sq. in. 
Si = 0.03 Elongation % in 3.5 cm. = 38.4% 
P = 0.07 Hardness (Pomey ) = 103 






In order that all the results might be strictly comparable, all the ex- 
periments were made on test pieces of the same dimensions. These 
were in the form of a heavy wire (5 millimeters in diameter). The 
properties investigated were ultimate tensile strength, elastic limit, 
ductility and hardness. 


Nore: The 


writing of the present paper had been completed before the author's atte 
tion was called to the work published by Koster in ‘‘Archives fiir das Eisenhittenwesen, 
503 (1929). Késter’s work is discussed by Mehl and Briggs in their written comment at 


the end of this article. 
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AGING IN LOIW-CARBON STEELS 


RELATION BETWEEN QUENCHING TEMPERATURE 
AND AGING ABILITY 


For the first series of experiments to be described here, eight 
tensile test specimens were quenched in each 50-degree temperature 
‘terval between 600 and 1000 degrees Cent. (1110 and 1830 degrees 


fahr.). Four specimens of each group were tested immediately after 


100,000 


90,000 





Lbs. per Sq.dn 
& 
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Uit. Strength and Elastic Limit 

















600 700 G00 90 1000 
Quenching Temperature Degrees Cent. 


Fig. 1—Shows the Results on _ the 
Tensile Strength and the Elastic Limit as 
Shown in Table I. A—Tensile Strength 
After Quenching. B—Tensile Strength 
After Quenching and Aging. C—FElastic 
Limit After Quenching. D—Elastic 
Limit After Quenching and Aging. 


the quench and four others were set aside to age during a period of 
thirty days. The aging temperature varied between 9 and 15 degrees 
Cent. with an average very close to 12 degrees Cent. (54 degrees 
Fahr.). Preliminary experimentation had shown that aging is com- 
plete after twenty-five to thirty days at these temperatures. At the 
end of this period the remaining bars were tested. 

In Table I are shown the average values for tensile strength and 
elastic limit determined by this experiment. Agreement among the 
individual bars of each group was in every case very satisfactory. In 
Fig. 1 are plotted the results on the tensile strength and the elastic 
limit shown in Table I. The very strong maxima of aging power 
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which occur at 700 and at 950 and 1000 degrees Cent. and the shar 
minimum at 850 degrees Cent. are striking when thus represented 
graphically. In Fig. 2 are plotted the variations in ductility which j; 


this work was measured by the per cent elongation in 3.5 centimeters 


Table |! 








Quenching Fensile Strength Elastic Limit 













lemperature Ib. per sq. in. Ib. per sq. in Elongation in ! 
Degrees After After Quench Atte1 After Quench After After Que; 
Cent. Quench and Aging Quench and Aging Quench and Agi 
600 58.200 61,300 38.600 $5,300 37.2 
650 61,800 93,600 +5.700 68.900 32.9 q 
700 68,100 103,500 53.700 77,900 31.8 
750 64,900 99.600 45,700 69,400 31.5 6 
R00 65,000 92,000 $3,100 56.100 28.1 5 
RS) 64,100 70,500 $4,800 49 800 23.0 
V00 66,800 90,100 52,100 72.400 24.5 ] 
950 71,000 17 000 55,600 78.400 24.3 17 
1OO0 71,000 96.100 56.600 78,000 23.6 18 




















The same experiment was repeated in order to determine the 
variations in hardness brought about by quenching and aging. The 
hardness was measured by a new apparatus developed by two French 
engineers, Pomey and Voulet. Briefly, the method consists of pres 
sing a diamond cone into the polished surface of the test piece unde: 
the constant pressure of carefully calibrated weights. The diameter 
of the impression 1s measured under a microscope and the hardness 
number determined therefrom by means of a simple algebraic equa 
tion. The inventors claim that the method gives hardness figures 
closely comparable to those determined by the Brinell apparatus. The 
angle at the point of the cone is 136 degrees and, in the case of the 
steels investigated in this research, the impressions varied between 
approximately 0.05 and 0.3 millimeter. For a detailed description of 
the Pomey-Voulet apparatus the reader is referred to Revue d 


Table Il 












Quenching Hardness (Pomey) 
Cemperature After Quench 
Degrees Cent Atter Quench and Aging 

600 117 123 
650 140 182 
700 145 193 
750 136 191 
800 131 171] 
850 147 165 
900 144 171 
950 154 178 





1000 153 





180 
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id the shar fallurgie, May 1929, page 238. In Table II and Fig. 3 are shown 


represented 7 the results of the hardness tests. Each figure in the table represents 
ity which j; F the average of from four to six determinations made on each of two 
centimeters test specimens. The hardness variauons are very similar to those 


shown by the elastic limit and the tensile strength. 


: A THeEeory ACCOUNTING FOR AGING OF 
Ta ; Sort STEEL AFTER QUENCH 
ch and Agi: 
33°7 A number of possible causes may be suggested to account for 
a ’ the aging of soft steel after quenching. Many of them may be readily 
ag: : dismissed on theoretical grounds. The author followed up several 
: +s others to a sufficient extent to show their improbability. Seigle has 
si suggested a change in the matter, amorphous or otherwise, which 
f many writers claim must lie in the grain boundaries. As to the 
Side thee “amorphous cement” it can only be said that it is difficult to dismiss 
wing. Th something whose very existence has never been proved or disproved. 
iid aitaad, \s a matter of fact, the author has shown later in this article that a 
sts of pres ; precipitation of carbides which tend to become concentrated at the 
picck: wander erain boundaries does play an important part in the aging. A second 
a suggestion is that a slow, spontaneous relief of the internal quenching 
1e diameter : 


ba Miele strains is the cause of the age-hardening. Several considerations 
braic equa tend to discredit this theory. First, there seems to be no go xl reason 
site Gis for supposing that the quenching strains should be less after a quench 
oa The at 850 degrees Cent. (1560 degrees Kahr. ) than after a quench at 
ee 650 degrees ( ent. (1200 degrees Kahr. ) Second, Seigle has shown 
i dat that the aging increases the brittleness of the steel, which is quite 
scription of contrary to the results which we might expect were the aging caused 
| by the relief of internal strains. 
Revue d ’ , 
A third possible cause is that a grain growth occurs during the 
aging. The author has taken photomicrographs at the same magni- 
fication (* 1000) of the same region of a test piece before and after 
it had been aged. These photomicrographs showed that no measur 
able difference in any visible dimension of any grain had occurred 
during the aging. A number of other causes were similarly inves- 
tigated and dismissed either on the grounds of theoretical improb- 
ability or because experimentation showed them to be unlikely. 
Finally, in view of the similar phenomenon in the case of the 
aluminum alloys, there may be proposed the precipitation hardening 


theory. A number of considerations immediately present themselves 
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in support of this theory. First, it is now universally accepted that 


cementite is to a slight extent soluble in alpha ferrite, and that the 
degree of solubility is a function of temperature of the same type as 
is the solubility of copper in aluminum. This feature of the iron- 
carbon equilibrium diagram is well shown in the diagram published in 


MetaAL ProGReEss, September, 1930, page 81. Oxygen-iron and 
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Fig. 2—Shows the Variations in Fig. 3—Showing Results of the 
Ductility Which were Measured by the Hardness Tests After Various Heat 
Per Cent Elongation in 3.5 Centi- Treatments. 
meters. 





nitrogen-iron alloys have somewhat similar solubility curves. Second, 
Whiteley’ has demonstrated that, after suitable treatment, cementite 
may be precipitated in alpha ferrite in the form of visible particles 
located within the grains or, in certain cases, at the grain boundaries. 
Third, consideration of the curves in Fig. 1 in conjunction with the 
iron-carbon equilibrium diagram brings to light a significant coin- 
cidence between the temperatures of quench at which occur the 
maxima of aging ability (700 and 950 degrees Cent.) and the tem- 
peratures of the critical points of low carbon steels. 

Convinced by these facts that the aging of steel was most prob- 
ably an effect of carbide precipitation the author has carried out an 
extended series of experiments calculated to prove or disprove the 
theory and, if the theory be found true, to throw some light on the 
mechanism and control of the carbide precipitation. 

The first investigation involved a careful micrographic examina- 
tion of the test bars which had been treated during the course of the 


Whiteley “The Solubility of Cementite in Alpha Iron and Its Precipitation,” Journal 
Iron and Steel Institute, Vol. CXVI 1927 No. IT. 
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AGING IN LOW-CARBON STEELS 


Fig. 4—Low Carbon Steel Normalized at 950 Degrees Cent., (1740 Degrees Fahr.) 


Fig. 5—Same as Fig. 4. X 600. : 
Fig. 6—Low Carbon Steel Quenched at 700 Degrees Cent., (1290 Degrees Fahr.) 


Fig. 8—Low Carbon Steel Quenched at 725 Degrees Cent., (1340 Degrees Fahr.) 
experiments described in Table I and Figs. 1 and 2. Absolutely no 
difference was discoverable in the aspect of these specimens before 
and after the aging. The examination was carried out at a number 
of different magnifications varying between 20 and 2000 diameters. 
Evidently, if there is a precipitation of carbides during the aging, the 
individual particles of the precipitate are sub-microscopic in mag- 
nitude. 

From a study of the photomicrographs made during this early 
investigation a theory has been evolved to account for the peculiar 
relationship between the temperature of quench and the aging ability 


of low carbon steel. The reader’s attention is first called to Figs. 4 


and 5 showing the structure of the steel used in this work after nor- 
The free 


malization at 950 degrees Cent. (1740 degrees Fahr.). 
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cementite occurs almost entirely in the form of intergranular fily 
Furthermore, these particles of free Fe,C are to be found for ¢| 
greater part segregated in streaks which are aligned parallel to the 
direction of rolling. The Figs. + and 5 were chosen to illustrate the 
condition of these carbides. To some extent they exaggerate tl 
amount of free carbide actually present in the steel. 

After a water-quench at 600 and 650 degrees Cent. (1110 and 


i 


1200 degrees Fahr.) no visible change had occurred in the steel. 











Quenching Temperature, Degrees Cent 
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Fig. 7—Reproduces that Portion of the Iron 
Carbon Equilibrium Diagram which is of Interest 
to this Investigation. 


After a quench at 700 degrees Cent. (1290 degrees Fahr.) very little 
free cementite was to be found. The few particles still remaining 
retained the form of intergranular films. Fig. 6 shows the steel after 









quenching at 700 degrees Cent. (1290 degrees Fahr.). In Fig. 7 is 
reproduced that portion of the iron-carbon equilibrium diagram which 
is of interest to this investigation. The scale of the area between 
Q and 0.1 per cent of carbon has been exaggerated for the sake of 
clearness in the ensuing discussion. The point P is generally thought 
to lie at about 0.03 per cent carbon. The line PH is usually thought 
to become vertical below about 500 degrees Cent. (930 degrees 
Fahr.). Opinion differs widely concerning the carbon concentration 
of the point H, some metallurgists holding it to be as high as 0.02 





per cent carbon, others claiming that it is practically zero. As will 
be shown later, the present investigation places it between 0.012 and 
0.008 per cent carbon. The steel used in this work (0.026 per cent 
carbon) lies on the vertical line BC. 

















Now it is evident that, except for a slight progressive diminution 
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‘7 the amount of free carbide present, no visible change should occur 
‘in the structure of the steel on heating, to temperatures below the 
noint R. Between R and T the steel should be a homogeneous 
crystalline mass of the constituent which the author has called “solu 
At all tem- 
peratures below T (about 730 degrees Cent.) the solution alpha so 


tion alpha”’, that is, a solution of Fe,C in alpha ferrite. 


completely predominates the structure of the steel that we must ex- 
pect its physical properties to determine the physical properties of 
the metal. If we assume that the strength and hardness of the solu 
tion alpha are proportional to its concentration of dissolved carbon, 
the progressive increase in tensile strength, elastic limit and hardness 
after quench at temperatures between 600 and 700 degrees Cent. 
(1110 and 1290 degrees Fahr.) is readily understood. This assump 
tion is quite in accord with the facts found in connection with nearly 
all alloy systems. 

At this point attention must be called to a constituent found after 
quenching the basic Bessemer steel at temperatures between 710 and 
750 degrees Cent. (1310 and 1380 degrees Fahr.). This constituent 
was made up of small pale gray crystals which were found always 
aligned in exactly the same position where, before the quench, there 
had been a streak of free cementite particles. ‘These crystals, which 
will be called for the moment “Constituent X,” always appeared just 
At no 
temperature was there found the complete homogeneity called for by 


prior to the final disappearance of free cementite on heating. 
the equilibrium diagram between R and T (Fig. 7). After quench at 
710 degrees Cent. (and an etch in nital) the Constituent-X was al- 
most white and as homogeneous in internal structure as is the mas 
sive cementite found in white irons. Boiling sodium picrate, how- 
ever, did not darken it. With progressive increase in quenching tem- 
perature the Constituent-X became darker in color until, at 760 de- 
grees Cent., it began to show black troostitic edges. At temperatures 
of quench between 710 and 750 degrees Cent. even a long attack 
with nital failed to develop in it a sorbitic, troostitic or martensitic 
structure. It is most unlikely that a pure austenite has been retained 
in the steel by the treatments which produced the Constituent-X. 
Having then eliminated cementite, sorbite, troostite, martensite, aus 
tenite and, of course, ferrite, there seems to remain only a question 
Several as- 


mark. More work is being carried out on this subject. 


pects of Constituent-X are shown in Figs. 8 and 9. 
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Fig. Low Carbon Steel Quenched at 750 


Degrees Cent.,. (1380 Degrees 
1500, 


Low Carbon Steel Quenched at 800 Degrees Cent., (1470 Degrees 
Low Carbon Steel Quenched at 800 Degrees Cent., (1470 Degrees 


Low Carbon Steel Quenched at 850 Degrees Cent., (1560 Degrees 
Returning now to the discussion of the form of the curves in 
Fig. 1, as the quenching temperature rises above the point T (Fig. 7) 
a new area of the equilibrium diagram is reached, an area in which 
the steel is composed of the two constituents, austenite and solution 
alpha. The proportions of the two at any given temperature are 
easily determined in an approximate fashion by means of the equi- 
librium diagram. Thus at 800 degrees Cent. (1470 degrees Fahr.) 


FH . : 
the solution alpha constitutes EH or about 95 per cent of the steel. 


The remaining 5 per cent —— is austenite which after quench be- 
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mes martensite, (or troostito-martensite). This martensite remains 

small grains so isolated as to be unable to affect materially the 
trength of the steel. On the other hand the carbon concentration of 
the predominating solution alpha (now of concentration E) has been 
considerably reduced by the increase in temperature from 700 to 800 
degrees Cent. (1290-1470 degrees Fahr.). This explains well why 
the quench at 800 degrees Cent. has less strengthening effect on the 
steel than has the quench at 700 degrees Cent. Figs. 10 and 11 show 
the structure of the steel after quench at 800 degrees Cent. (1470 
degrees Fahr.). 

If the quenching temperature is raised to 850 degrees Cent. 
(1560 degrees Fahr.) the proportion of martensite in the steel will 
IX J 
3 ie 


vins to become continuous (Fig. 12). 


be increased to or some 10 to 15 per cent. At this value it be- 


These continuous marten 
sitic “fibers” ought to have the effect of increasing the tensile strength 
of the steel. On the other hand, the solution alpha contains less dis 
solved carbon than it did at 800 degrees Cent. (1470 degrees Fahr. ) 
and so should be weaker. With these two opposing tendencies the 
steel, after a quench at 850 degrees Cent. might reasonably be either 
slightly weaker or slightly stronger than after a quench at 800 de- 
erees Cent., according to the concentration and the distribution of 
the carbides. Fig. 13 shows the structure of the soft basic Bessemer 
steel after quench at 850 degrees Cent. (1560 degrees Fahr.). 

At 900 degrees Cent. (1650 degrees I‘ahr.) the steel consists in 
large part of austenite containing perhaps 0.04 per cent of carbon in 
solution. On rapid cooling this carbide may precipitate in part as 
martensitic needles and, furthermore, since this martensitic phase 
is entirely continuous the steel is appreciably strengthened by this 
treatment. Nevertheless it is likely that a considerable fraction of 
the 0.04 per cent of carbon may remain unprecipitated during the 


quench. At room temperature this carbon is to be found in a state 


‘ 


of solution or “suspension” in the alpha ferrite which resulted from 
the quenching of the austenite. The solution alpha which still exists 
at 900 degrees Cent. (1650 degrees Fahr.) is very low in carbon but, 
since it constitutes only a minor portion of the steel, its comparative 
weakness is more than offset by the low carbon martensite. Figs. 
[4 and 15 illustrate the structure after quench at 900 degrees Cent. 
(1650 degrees Fahr.). 





TRANSACTIONS OF 


arbon Steel Quenched é 85 Degrees Cent.., 156 Devgrees 
‘arbon Steel Quenched é 900 Degrees Cent., 5 Degrees 
arbon Steel Quenched at 900 Degrees Cent., (1650 Degrees 


Steel Quenched at 1000 Degrees Cent... (1830 Degrees 


\t 950 degrees Cent. (1740 degrees Fahr.) the material is com 
posed entirely of austenite containing 0.026 per cent of dissolved car- 
bon. The quench retains practically all of this very small amount of 
carbon in solution so that, at room temperature, the steel is in a state 


closely comparable to that resulting from a quench at 700 degrees 
Cent. (1290 degrees Fahr.). The quench at 1000 degrees Cent. (1830 


degrees Fahr.) is of course essentially the same in its effects as that 
at 950 degrees Cent. In Figs. 16 and 17 are shown the structure af- 
ter quench at 950 degrees Cent. (1740 degrees Fahr.). 

The entire form of the curve in Fig. 1 which indicates the 
changes in the physical properties of the steel immediately after 
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yuench 1s thus explained. With the above facts and assumptions in 


mind it is not difficult to explain likewise the seemingly peculiar re- 


lationship between quenching temperature and aging power. 
Below a quenching temperature of about 730 


degrees Cent. 
1345 degrees Fahr.) (T, 


Fig. 7) it is necessary to deal only with 
the solution alpha. It is evident that the degree of supersaturation 
of this solution at room temperature with respect to Fe.C is going to 
become appreciable only after the quenching temperature has risen 
above the point at which the line PH becomes vertical (500-550 de- 
grees Cent.). From that point on, the supersaturation increases until 
it reaches a maximum between about 700 and 730 degrees Cent. 
(1290-1345 degrees Fahr.) (points R and T). The greater the 
supersaturation the greater the tendency of the carbide to precipitate. 
he particles of the precipitate lying dispersed throughout the in- 
dividual crystals either distort or disturb the continuity of the atomic 
arrangement of the ferrite. The slip interference is thus increased or, 
otherwise stated, the steel is hardened and strengthened. 

The increase of aging power between 600 degrees Cent. (1110 
(legrees Fahr.) (quenching temperature) and 700 degrees Cent. (1290 
(degrees Fahr.) together with the marked maximum in the vicinity of 
P 700 degrees Cent. is thus logically explained. Between 700 and &50 
degrees Cent. the supersaturation of the solution alpha steadily de- 

creases, becoming almost negligible at 850 degrees Cent. (1560 de- 

grees Fahr.). The martensite which exists after quench at these tem- 

peratures can have no appreciable effect on the aging power for two 
reasons : first, it is very small in amount : second. it represents a phase 
in which, because of its high concentration. the carbide has already 
heen more or less completely precipitated during the quenching action. 
The aging power of the steel decreases then between 700 and 850 de- 
grees Cent. 


Toward 900 degrees Cent. however the carbide concentration of 
the austenite becomes quite small (0.04 per 


1S 


cent approximately). It 
reasonable to argue that a considerable fraction of this carbide 
ay remain unprecipitated during the quench, resulting, consequently, 
in a steel which is composed largely of alpha ferrite holding in so- 
lution (or “suspension”) most of the carbon in the metal. The same 
argument applies of course even more forcefully to the condition 
of the metal after a quench at 1000 degrees Cent. (1830 degrees 


lahr.). We have in this case (quench at 900 degrees Cent. and 
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above) essentially the same conditions of supersaturation which 
tain after the quench at 700 degrees Cent. and, in consequenc 
comparable aging power. 

The complete forms of the curves in Figs. 1 and 3 are thus 
plained. There remain several remarks to be made. First, since thy 
hardness test is made in compression it is not necessary that 
martensite be a continuous phase in order to affect this prope: 
The hardness starts rising, then, toward its second maximum at 
lower quenching temperature (800 degrees Cent.) than do the tensik 
strength and elastic limit (850 degrees Cent.). Second, although the 
general argument in the case of the ductility is the same as in th 
case of the other properties investigated, it is necessary to bear in 
mind that the introduction of the nonductile martensite will not cause 
a rise toward a maximum (as it did, for example, in the hardness) but 
will, instead, greatly accelerate the drop to a minimum which was 
already begun by the formation of the supersaturated solution alpha. 
If the ‘‘aging effect’’ be plotted for each of the four properties inves 
tigated, the four curves will be found to be quite parallel. 


ACCELERATED AGING 


The aging thus far described took place over a period of thirty 
days at a temperature of 12 degrees Cent. and in no case did it bring 
about a structural change in the steel which could be seen under the 
microscope. Whiteley, in his memoir cited above, found that a visi- 
ble precipitate of carbides could be produced by quenching a soft 
steel in the neighborhood of the A, line and subsequently drawing it 
at temperatures between 250 and 600 degrees Cent. Mitinsky* has 
found a similar phenomenon and both writers state that the precipi- 
tated carbide has a strong tendency to concentrate in the grain bound- 
aries of the ferrite, particularly if the drawing temperature be above 
350 degrees Cent. 

It was a matter of considerable interest to determine whether the 
effects of this visible precipitation are the same as those of the sub- 
microscopic precipitate postulated by the author. It was also of evi- 
dently great theoretical interest to determine whether or not the pro- 
duction of the visible precipitate prevented the normal aging from 


taking place. In order to answer these questions the author quenched 
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Fig. 17—Low Carbon Steel Quenched at 950 Degrees Cent., ( 1740 Degrees Fahr.) 
1500. 7 
Fig. 18—Low Carbon Steel Quenched at 650 Degrees ent., . ¢ 1200 Degrees Fahr.) 
Drawn 4 Hours at 225 Degrees Cent., (437 Degrees Fahr.) x 1500. : 
Fig. 19—-Low Carbon Steel Quenched at 750 Degrees Cent., (1380 Degrees Fahr.) 


Drawn 4 Hours at 225 Degrees Cent. * 1200. A < 
Fig. 20—Low Carbon Steel Quenched at 800 Degrees Cent., (1470 Degrees Fahr.) 
Drawn 4 Hours at 225 Degrees Cent. X 1200. 


six test bars at each of the fifty degree intervals between 600 and 
1000 degrees Cent. All the bars were then drawn for four hours 
at 225 degrees Cent. (440 degrees Fahr.). Three bars of each 
group of six were tested immediately. The remaining three were 
tested thirty days later, the temperature having been about 12 degrees 
Cent. during that interval. 

No appreciable difference was found between the bars tested at 
the different times. Evidently the 4-hour treatment at 225 degrees 
Cent. entirely prevents the normal aging from taking place. The 
precipitated carbides were clearly visible in these bars in the form of 
very fine particles which stood in relief under oblique illumination at 
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a magnification of 800 diameters or more. Although a very long 
etch in boiling sodium picrate darkened the more prominent of these 
particles, a normal etch in 4 per cent nital revealed them much more 
clearly. In the case of the quenches at 700 and 750 degrees Cent, 
(1290-1380 degrees Fahr.) the particles were generally so closely 
packed as to give the ferrite grains a granulated appearance. The 
photomicrographs, Figs. 18, 19, 20, 21 illustrate several aspects of 
the precipitate. 

The results of the draw at 225 degrees Cent. are shown in Fig. 
22, Curve A and Fig. 23, Curve A. Clearly, the visible precipitate 
has effects altogether different from the “invisible precipitate.” This 
however does not necessarily weaken the hypothesis concerning the 
invisible precipitate. From the elementary statement of geometry) 
that the volume of a sphere is proportional to the cube of its diam- 
eter, it is evident that a given amount of carbide coagulated into 
comparatively few large, visible particles (which are assumed to be 
essentially spherical) must cut vastly fewer atomic planes than will 
the same amount of carbide coagulated into many small invisible 
spheres. In other words, it is conceivable that the visible precipitate 
presents no interference to slip on the majority of the atomic planes. 
The effects of the draw at 225 degrees Cent. were investigated with 
regard to hardness, tensile strength, elastic limit and ductility. Since 
the first three “of these gave almost exactly the same results only one 
of them, tensile strength, will be discussed in this paper. 

It was thought advisable to determine the effects of several other 
drawing temperatures and times. Guided by certain preliminary ex- 
periments the author employed the following draws: 


24 hours at 100 degrees Cent. (210 degrees Fahr. ) 
48 hours at 80 degrees Cent. (175 degrees Fahr. ) 
60 hours at 55 degrees Cent. (130 degrees Fahr. ) 


Longer draws at these temperatures do not alter the results. These 
treatments were carried out after only those quenching temperatures 
(700, 850, 950 degrees Cent.) which had given the most interesting 
results in connection with the normal aging. In every case the ac- 
celerated aging completely prevented the subsequent occurrence of the 
normal aging. After the draw at 100 degrees Cent. the carbide pre 
cipitate was clearly visible (See Fig. 24). It is quite noticeable that 
the different ferrite grains vary in regard to the concentration of 
precipitate. After the treatments at 80 and at 55 degrees Cent. no 
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Fig. 21—Low Carbon Steel Quenched at 950 Degrees Cent., (1740 Degrees Fahr.) 

. Drawn 4 Hours at 225 Degrees Cent. X 1500. 
Fig. 24—-Low Carbon Steel Quenched at 700 Degrees Cent., (1290 Degrees Fahr.) 

Drawn 24 Hours at 100 Degrees Cent. 1500. 


Hours in Hydrogen Between 925 and 950 
Quenched at 700 Degrees Cent., (1290 
1000. 


Fix. 26—Low Carbon Steel Heated 120 
Degrees Cent. (1700 and 1740 Degrees Fahr.). 
Degrees Fahr.) Drawn 4 Hours at 225 Degrees Cent. 























visible precipitate could be found. The results of these experiments 


are incorporated in Figs. 22 and 23, Curves B, C, and D. The gen- 
eral continuity of these curves, considered as a group, permit the fol- 


lowing conclusions : 


1. The particle size of the precipitated carbide is proportional 

to the temperature at which the precipitation occurs. 

2. The hardening effect of the precipitated carbide is inversely 
proportional to the particle size (or to the precipitating temper- 
ature ). 

The tendancy of the precipitated carbide to migrate to the grain 

boundaries also undoubtedly plays a part in the above results, since 

this tendency would be allowed freer play at the higher temperatures. 














































































































TRANSACTIONS OF THE A. S. S. T. 
EFFECT OF DURATION OF ACCELERATED AGING 


The effects of aging at five different temperatures (12, 55, 80. 
100, 225 degrees Cent.) have been described above. It has been 
noted that the treatments at 100 and 225 degrees Cent. produce a 
visible precipitate of carbides and that their effects upon the me- 
chanical properties of the steel are very similar. On the other hand, 
the treatments at 12, 55 and 80 degrees Cent. produce no visible pre- 
cipitate and bring about much greater changes in the mechanical 
properties than do the draws at 100 and 225 degrees Cent. The 
aging temperatures are thus naturally divided into two groups accord- 
ing to the production or nonproduction of visible precipitate. 

Now, the formation of a crystalline precipitate in any medium 
is a progressive action, commencing with the union of eight, twelve, 
or some other comparatively small number of atoms or molecules, 
with the resulting formation of an elementary crystal which is, of 
course, submicroscopic in magnitude. Other atoms or molecules at- 
tach themselves to this elementary crystal until some point is reached 
at which an observer is able to say that the crystal is of “visible size.” 
In order to demonstrate the continuity of the relationship between the 
particle size of the carbide precipitate and its effect upon the me 
chanical properties of the steel the following experiment was per- 
formed: a number of test bars of the extra soft basic Bessemer steel 
were quenched at 700 degrees Cent. and their hardness immediately 
determined. These bars were then drawn at 100 degrees Cent. dur- 
ing various periods of time between 7 minutes and 26 hours. The 
change in hardness, which was determined immediately after each 
draw, will be found plotted against drawing time in Fig. 25. Each 
test piece was examined under the microscope after each draw to 
determine whether or not a visible precipitate had formed. Below 
a draw of ten hours there was clearly none. Between ten hours and 
twenty hours the precipitate was of “doubtful visibility’ —the author 
believes the significance of this term will be readily understood. After 
a draw of 26 hours the presence of a visible precipitate was indispu- 
table. The continuity of the relationship between precipitate particle 
size and age-hardening is clearly demonstrated by this experiment. 


The same investigation was also carried out by means of tensile 


tests and essentially the same results obtained. 
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JETWEEN CARBON CONTENT AND AGING POWER 


oF Sort STEEL 


If the author’s interpretation of the phenomenon of age-harden- 
> 


the carbon concentration of the 














700 800 900 1000 
Quenching Temperature , Degrees Cnt. 
Fig. 22-—Shows Results of the Draw at 
225 Degrees Cent. (440 Degrees Fahr.). 
A—Results of Aging at 225 Degrees 
Cent. (440 Degrees Fahr.). B—Results 
of Aging at 100 Degrees Cent. (210 De- 
grees Fahr.). C—Results of Aging at 80 
Degrees Cent. (175 Degrees Fahr.). D 
Results of Aging at 55 Degrees Cent. 
(130 Degrees Fahr.). E—Results of 
Aging at 12 Degrees Cent. (25 Degrees 
Fahr.). F—Result of Quench. 


ing in soft steel is correct, the metal should abruptly lose its aging 
power when its carbon concentration is decreased to a value less than 
point H on the equilibrium diagram 




















600 700 600 900 1000 
Quenching Temperature, Degrees Cent. 


Fig. 23—Shows Results of the 
Draw at 225 Degrees Cent. (440 De- 
grees Fahr.). A—Results of Aging 
at 225 Degrees Cent. (440 Degrees 
Fahr.). B—Results of Aging at 100 
Degrees Cent. (210 Degrees Fahr.). 
C—Results of Aging at 80 Degrees 
Cent. (175 Degrees Fahr.). D—Re- 
sults of Aging at 55 Degrees Cent. 
(130 Degrees Fahr.). E—Results of 
Aging at 12 Degrees Cent. (25 De- 
grees Fahr.). F—Results of Quench. 


(Fig. 7). Conversely, the determination of the carbon concentration 


at which soft steel loses its aging power should be a means of estab- 
lishing the position of the point H. 


To this end groups of bars of extra-soft basic Bessemer steel 


were decarburized during different periods of time in a stream of 


moist hydrogen at a temperature of 925-950 degrees Cent. This 





method of decarburization has been thoroughly investigated by 
Whiteley*, Campbell*: *» Ross, Fink and others. 


It has been estab- 


8Whiteley: Journal, Iron and Steel Institute, 1920, Vol. No. II, page 143. 





*Campbell:. Journal, Iron and Steel 
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Campbell 





, Ross and Fink: Journal, Iron and Steel Institute, 1923, Vol. No. II, page 


Institute, 1919, Vol. No. II, page 407. 
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120 0.002 None None None Be 
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lished that by this treatment the oxygen and the phosphorus con- 
tents of the steel are changed only very superficially if at all. By 
means of chemical analysis the author has shown that no change oc- 
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curred in the sulphur content. The carbon concentration of each os 
. : ‘ : ~ I 
group of decarburized bars was determined by attacking a 15-gram . 
. ° : . . ri Ce E 
sample of the metal with oxygenated sulphochromic acid. The re- 
sulting CO, was precipitated as BaCO, and determined by titration® 
against standard HCl. Confirmation analyses were carried out on bin 
every group of bars by the ordinary combustion method using a th 
ao ace j = ‘ the 
o-gram sample of the steel. The agreement between the two methods ee 
was generally within 0.002 per cent of carbon. The carbon contents i 
~ Ye 
*For a complete discussion of this method of analysis see Travers, ‘“‘Les Methodes de me 
Dosage du Carbone dans les Fers, Fontes et Aciers’’. Chimie et Industrie, Vol. 7 Nos. 1-3, sh 
January-March 1922. 
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the various groups of decarburized bars are given in Table ILI. 
in the same table are indicated the results of a metallographic study 
f each group. This study consisted: first, of a careful examination 
of each group immediately after the decarburizing treatment and 
wain after a quench at 700 degrees Cent. in order to determine 
vhether or not free Fe,C was present; second, examination after 
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Fig. 27—Shows Determination of Respective Aging Powers 
of a Series of Low Carbon Steels. Six Bars of Each Analysis 
Quenched at 700 Degrees Cent. (1290 Degrees Fahr.). Three 
Bars Tested in Tension Immediately After the Quench and the 
Remaining Three Tested after a 60-Hour Draw at 55 Degrees 
Cent. (130 Degrees Fahr.). 


quench at 700 degrees Cent. followed by a 4-hour draw at 225 
degrees Cent. to determine whether the visible precipitate could be 
produced. It is assumed that the submicroscopic precipitate can 
occur only in those steels in which the visible precipitate can be 
produced. 

[t will be noted in the table that it was impossible to produce any 
precipitate in any steel containing less than 0.008 per cent of carbon. 
In Fig. 26 is shown a specimen of a bar containing 0.002 per cent 
carbon (5 days in hydrogen) which had been quenched at 700 de- 
grees Cent. and drawn at 225 degrees Cent. 

Having thus established the carbon concentration and the per- 
tinent metallographic characteristics of a series of low carbon steels 
the author determined their respective aging powers by quenching 
six bars of each analysis at 700 degrees Cent., testing three of the 
bars in tension immediately after the quench, and testing the re- 
maining three after a 60-hour draw at 55 degrees Cent. Fig. 27 
shows graphically the results of this experiment. 
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Before drawing conclusions from this figure it is necessary 


LU) 


make an important comment. Careful microscopic investigation of 









all of the above steels had shown that decarburization in the case of 
the 20-hour treatment in hydrogen had left no trace of visible 
cementite. From this it seems probable that the point H (Fig 


iree 


. 7) 
lies above 0.008 per cent carbon. On the other hand the decarburiza- 
tion in the case of the 12-hour treatment in hydrogen had been rather 
irregular so that, whereas in some portions of the bars there stil] 
remained particles of free carbide, other portions contained no trace 
of it. Furthermore, a subsequent anneal and re-examination after 
the bars had been broken, showed that fracture in every case had 
occurred in a carbide-free region. Now since the average carbon 






concentration of this steel was 0.012 per cent carbon, the fracture 
must have taken place in a region containing less than 0.012 per cent 
carbon. This argument, taken in conjunction with the fact that an- 

















other group of bars, whose carbon concentration had been reduced to 
0.012 per cent by a four-day heating in vacuum’ at 850-875 degrees 
Cent., showed appreciable aging power seems to point to the con- 
clusion that the minimum of carbon concentration necessary for age- 
hardening lies slightly below 0.012 per cent carbon. The steel which 
had been decarburized in vacuum also showed a slight amount of 
free carbide but this carbide was more evenly distributed than in the 
case of the 12-hour heat in hydrogen. It seems probable that the 
difference in the aging power of the two steels (each containing 0.012 
per cent carbon) was due to this difference in regularity of carbon 
distribution. The tensile test results of the steel decarburized in 
vacuum are shown in Fig. 27 by the points: 











E, = elastic limit after quench 

“2 = elastic limit after quench and aging at 55 
R, = ultimate tensile strength after quench 

R: ult. tens. str. after quench and aging at 55 


rom the above argument it seems probable that the point H (Fig. 7) 
lies between 0.012 and 0.008 per cent of carbon. 


(GENERAL CONCLUSIONS 


From the studies described in this article the following general 
conclusions may be drawn: 







*The decarburization of very low carbon steel by long heating in vacuum at 850 de 
grees Cent. is probably due to the reaction Fe;C + 2FeQ = COs + 5Fe. This reaction 
is thermodynamically possible. 
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1. Low carbon steel is capable of age-hardening to a degree 
guite comparable with that found in duralumin and other aluminum 
alloys. This aging, suitably controlled, may bring about an increase 

some 50 per cent or more in the ultimate tensile strength, elastic 
limit and Brinell hardness and, at the same time, a very considerable 
decrease in ductility and resilience. 

2. The aging is principally due to a submicroscopic precipitate 
of carbides within the ferrite grains. The hardness conferred upon 


; the steel by the precipitate is inversely proportional to the size of the 
tter ; : 


had 


be mn 


individual particles of the precipitate. 
3. The precipitation which requires about 25 or 30 days for 


completion at ordinary room temperatures, may be tremendously 
te speeded up by heating the steel to comparatively low temperatures. 
Stee Thus, 30 minutes at 100 degrees Cent. causes a very notable precipi- 
SS tation hardening. 
: 4. The age-hardening may be entirely avoided by: 
“ey (a) a sufficiently slow cooling of the steel from temperatures 
-On- . - : 
sei near the A, point (720 degrees Cent. ). 
oi (b) a draw of suitable length of time at temperatures of 100 
degrees Cent. and over (24 hours at 100 degrees Cent., 4 hours at 


225 degrees Cent., etc.). 
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‘bon . Written Discussion: By Yap, Chu-Phay, physical metallurgist and 
1 in ‘ chemist, 27 Grove St., New York City. 

' After reading this paper several times, it struck me that Dr. Bates, if he 
were a biologist, would belong to the mechanistic rather than to the vitalistic 
school, because his explanation of age-hardening of very low-carbon steels is 
essentially mechanistic. It may be pure imagination, but I felt upon reading 
Dr. Bates’ paper that it bears the impress of the French touch. For all that 


matters, this paper, in its bald logicality, its eclecticism and persuasiveness of 
style, reminds me of those interesting memoirs on the validity of the phlogiston 
theory, not that I wish to imply that Dr. Bates is defending a theory which he 
may be forced to abandon later. While I cannot go as far as to say that the 
paper under discussion has brought up anything revolutionary, nevertheless, it 
has distinction, which is more than I can say for many papers, and I wish 
to congratulate Dr. Bates without reservation for the interesting work he has 
done. 

Several years ago I published my first paper under the highly misleading 


D de title of “Grain Growth in Mild Steels,” in which 1 showed age-hardening in 
cto! 


‘Yap, Chu-Phay, “On Grain Growth in Mild Steels,” Transactions, American Society 
Steel Treating, Vol. 12, 1927, p. 601. 
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mild steels containing about 0.10 per cent carbon. At 600 degrees Cent. (1110 
degrees Fahr.) the maximum hardness, while small compared to that obtained 
by aging at room temperature, was reached only after 15 hours of annealing 
Later when I was at Penn State, I persuaded a senior student to work on the 
problem, using Armco iron samples containing about 0.03 per cent caren. | 
have been unable to date to get in touch with the proper party to ascertain his 
results. I recommended to him the use of the nitrobenzene solution originally 
suggested by Benedicks and later used by Pilling” because it darkens the carbic 
without, however, etching the grain-boundaries. I have personally found th: 







solution to be quite delicate and wonder why it has not been used more in th: 
study of carbides in steels. Although unimportant, I have certain doubts re- 
garding the proper interpretation of Dr. Bates’ photomicrographs Nos. 18, 19 
and 20, to name but three. 


In regard to his Constituent-X, it is, I think, only fair to call attention to 
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the fact that Dr. John D. Gat’ is apparently the first one to have discovered 
it metallographically. He thought that it is a ternary eutectoid of Fe-C-O, 
or more correctly, Fe-Fe;C-FeO. I have already suggested elsewhere‘ the iron 
end of the Fe-O, constitutional diagram and it shows no eutectoid between Fe 
and FeO. The Constituent-X may be a supersaturated solid solution of FeO in 













a Ke or @ Fe with FeO colloidally dispersed in it. There is, therefore, a need 
for the development of new etching reagents. Perhaps the Le Chatelier and 
Dupuy reagents are sensitive enough if properly used. I would recommend 
the adoption of Benedicks’ method” of covering a polished sample with a thin 





















-N. B. Pilling, Transactions, American Institute of Mining and Metallurgical Engineers, 
Vol. 70, 1924, p. 254. 





‘John D. Gat, “Normality of Steel,’ TRANsAcTIONS, American Society for Stee 
lreating, Vol. 12, 1927, p. 376. 












‘Discussion of paper ‘Solubility of Oxygen in Solid Iron,’ by N. A. Ziegler, also being 
presented at this meeting. 





“*Metallographic Researches,” McGraw-Hill Book Co., New York, 1926. 
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of collodion and then etching with a weak solution of [Fe(CN)e] Ka, 


al ich should color the Constituent-X in case it is a solid solution ot FeO in 


In connection with my recent thermodynamics studies (to be published soon 
found that the Acm 
melt. As 
this relationship holds in the case of austenite, it should hold also in such a 


the ransactions of the Faraday Society of London) | 


ine is theoretically merely a displaced FesC solubility line in the 


lilute solution as @ solid solution. In Fig. 1 of this discussion I show the 


( 
Lil 


solid solubility curve as derived from my thermodynamic studies, which may be 
compared to the one reported by Ehn" apparently on the basis of Masing’s 


work. The agreement is as good as could be expected, especially in view of 
the experimental difficulties involved in determining the solid solubility line. 
On account of the numerous variables involved in such studies, one man’s 


evuess—and it is just as reasonable to assume that even actual experimental 
work is merely an attempt at approximation—is as good as another's and the 
writer prefers to make his guess on the basis of thermodynamic calculations. 

detect the 
I should like to suggest a simple method of indirectly 


Dr. Bates states that he has been unable to presence of the 
precipitated carbide. 
showing the occurrence of this precipitation. After the sample has been care- 
fully polished, hold it for a fraction of a second on the rougher wheel again 
so as to leave some scratches. Now, since aging is always accompanied by 
volume change and since no two grains are likely to be oriented alike, therefore, 
when precipitation occurs upon aging, the straight line across two or more 
grains will naturally show a displacement. 

The length of this discussion should give Dr. Bates ample assurance of 
my interest in his work and we have every right to look forward to equally 
important contributions from him. 

Written Discussion: By 
pany, Buffalo. 


The author has given one of the constituents encountered in this paper 


Felix F. Aloi, Seneca Iron and Steel Com 


the name of “Constituent X,”’ and he concludes as follows, “it is most unlikely 
that a pure austenite has been retained in the steel by the treatments which 
produced the Constituent-X.” 
carbon steel, S.A.E. 1010, we 
termed Constituent-X, and in trying to determine what this constituent was, we 


A few years ago during the quenching of a low 
ran across the same constituent the author has 
took a piece of steel showing this constituent and heated it for five hours at 
1100 degrees Fahr. and then examined it, we found that this Constituent-X had 
broken down into a sorbitic structure, so we concluded that the Constituent-X is 
It seems that an austenite of definite 
this after the 


a pure austenite retained after the quench. 


carbon concentration is necessary to retain pure austenite 
quench in low carbon steels. 

Since the commercial low carbon extra deep drawing steel sheet has at- 
tained such a great importance in industry, especially the automobile industry, 
it is felt that it is worth while to discuss the aging or seasoning of this type 
of sheet steel, in connection with the conclusions stated in this paper. The 


author concludes that the age-hardening may be entirely avoided by: 


E. W. 


Ehn, ‘“‘Seasoning of Steel,” Metal Progress, Vol. 20, September, 1930, p. 59. 
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(a) A sufficiently slow cooling of the steel from temperatures ne; 
\ point (720 degrees Cent.) (1330 degrees Fahr.). 

(b) A draw of suitable length of time at temperatures of 100 c& 
Cent. and over (24 hours at 100 degrees Cent., 4 hours at 225 degrees ( 
Gee. >. 

From this conclusion we can say that the aging or seasoning found 
commercial low carbon cold-rolled steel sheets is not caused by submicros: 


T)1 
) 
i( 


carbon precipitation, because in the usual manufacturing process of steel sheets. 
the process fulfills the above two statements. Therefore, the aging or season- 
ing of cold-rolled steel sheets by long periods of warehousing must be due to 
the slow “healing” of the slip planes after cold rolling. 

Written Discussion: By H. M. Boylston, professor of mining 
metallurgy, Case School of Applied Science, Cleveland. 


and 


Dr. Bates is to be congratulated on the work he has done in connection 
with the increase of tensile strength, hardness and brittleness in a very low 
carbon basic Bessemer steel after certain heat treatments and we must admir 
his brilliance in working out a theory concerning the cause of the unusual 
results obtained. Undoubtedly one of the reasons the subject has not been pre- 
viously studied with very great care, at least in America, is because no basic 
Bessemer steel is made in this country and I have never heard of any being im- 
ported, so that the problem is of theoretical interest to steel makers. 

There is one material made in this country which should respond to the 
treatment if the age-hardening theory of Bates is correct. I refer to Arme 
ingot iron of course, which has almost exactly the same carbon content (0.026 
per cent or less) as the basic Bessemer steel used by Bates. The latter, how- 
ever, has a very different manganese and phosphorus content, this being more 
in each case than ten times the contents of these two elements usually found in 
ingot iron, which has about 0.025 per cent manganese or less and not over 0.005 
or 0.006 per cent phosphorus or even less. If the hardening effect is only the 
result of carbide being precipitated out of solid solution by the treatment, then 
Armco ingot iron should give similar results. 

Until this point has been fully tested out, may we not feel that the ques- 
tion remains open as to the extent of the influence, if any, of manganese and 
phosphorus both of which are known to have an influence on the physical proper- 
ties of iron of much the same type as carbon and phosphorus, both of these 
elements being present in the basic bessemer steel in much larger amounts 
(Mn, 0.34 per cent; P, 0.07 per cent) than is the carbon itself, and at least one 
of them, phosphorus, forming a phosphide with iron which dissolves in iron in 
solid solution when present in quantities up to 1.7 per cent phosphorus. 

In spite of this possible doubt, we are all indebted to Dr. Bates for an 
important contribution to our knowledge of iron and I am very glad to wel- 
come him back on my staff at Case this fall, after a year’s leave of absence in 
France. Every effort will be made to encourage him to continue this research 
at our laboratories. 

In his title Dr. Bates uses the word “aging” and this has come into rather 
common use as applied to some aluminum alloys and others. In the course of 
an attempt by the Joint Committee on Definitions of Heat Treatment terms to 
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Gne the term “aging” as applied to alloys of iron, it was pointed out to us 
Dr. J. A. Mathews) that there are two other operations used in treating 
-teel which are known by the same name, namely, the aging (or stabilizing) 
magnets and the aging of alloy steel bolts for high temperature service. In 
view of the difficulty which this situation creates, | suggest that hereafter we 
use the term “Age-hardening” for the phenomenon described by Bates and 
‘ndeed this word is also used by Bates in the text of his paper and has been 
used by other writers also. 

Written Discussion: By Ralph W. E. Leiter, research metallurgist, and 
loseph Winlock, chief metallurgist, Edward G. Budd Mfg. Co., Philadelphia. 
We have read the excellent paper by Dr. Bates with a great deal of in- 
terest. We agree with the author that aging as dealt with in this paper is 
caused by precipitation hardening but are not convinced that carbides are the 
sole agent. We should like to ask Dr. Bates if he has considered any effect 
that nitrogen might have in precipitation hardening. Nitrogen in steel has 
been studied quite extensively by many investigators and results seem to in- 
dicate that it is capable of precipitation hardening. The equilibrium diagram 
for iron-nitrogen is quite similar to that of iron-carbon and a 700-degree Cent. 
(1290 degrees Fahr.) quench would put most of the nitrides as well as car- 
bides in solid solution. 

Bessemer steel, due to the nature of the refining operation, generally runs 
fairly high in nitrogen. We would then expect this element to be playing a 
sizable role in the age-hardening described in this paper. In Fig. 25 change 
in hardness is plotted against drawing time at a temperature of 100 degrees 
Cent. A sharp maximum in hardness is shown after a 30-minute draw and is 
presumably caused by carbide precipitation of critical hardening size and num- 
ber. This is followed by a rapid decrease up to the 2-hour draw. However, 
a curious increase in hardness is shown at the 3 and 4-hour draws. This sec- 
ond maximum in hardness suggests nitride precipitation. Nitride precipitation 
is considered’ to be more sluggish than carbide precipitation and would thus 
require a longer time to develop critical hardening size and number at a given 
temperature. A study similar to the one in Fig. 25 with various drawing tem- 
peratures might be very valuable in giving accurate data on the relative rates 
of carbide and nitride precipitation. 

Constituent-X discussed on page 457 is quite puzzling. It apparently has a 
definite relation to the free carbide areas that are to be found in the annealed 
samples. Constituent-X at 750 degrees Cent. (1380 degrees Fahr.), in our 
opinion, is austenite of fairly high carbon concentration. A sufficiently long 
anneal at that temperature should allow diffusion of the carbides and thus 
form 100 per cent solution alpha. 

Written Discussion: By C. H. Herty, Jr., physical chemist, in charge of 
metallurgical section, U. S. Bureau of Mines, Pittsburgh Experiment Station, 
Pittsburgh. 

This carefully thought out paper is an excellent illustration of the use of 
fundamental data in conjunction with experimental work It would appear 
from this paper that all steels above 0.012 per cent carbon should show aging 


E. W. Ehn, ‘‘Seasoning of Steel,’ Metal Progress, Vol. 20, September, 1931, p. 59 
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tendencies and those above about 





0.03 per cent carbon should show a 
tendencies regardless of quenching temperature. We would like to 


ask 
whether the author has done similar work on various steels between 0.06 
0.10 per cent carbon. 
Written Discussion: By Robert F. Mehl, assistant director, researc} 


laboratories, The American Rolling Mill Company, Middletown, Ohio, ana 
Charles W. Briggs, metallurgist, Naval Research Laboratory, Washington. 
ED. -€. 


In discussing Dr. Bates’ paper, a brief review of the historical background 
might not be amiss, if Dr. Bates’ contribution is to be viewed in proper per 
spective. 

The first work which showed beyond doubt that this type of aging is like 
that in duralumin was that of G. I. Masing and L. Koch,* to which Dr. Bates 
referred. At the same time, and independently, W. Koster® studied the problem, 
much more in detail, and published a comprehensive paper of high excellenc: 

Koster pointed out that these new results had been partly anticipated by 
Welter” and by Ludwik and Scheu.” Masing, and Masing and Koch, studied 
three commercial steels, with 0.028, 0.044, and 0.120 per cent carbon. The first 
of these approximated very closely the composition of the steel studied by Dy 
Bates. It was found that quenching from 660 and 700 degrees Cent. (1220 and 
1290 degrees Fahr.), with subsequent retention at room temperature, or at 
slightly elevated temperatures, resulted in a very considerable increase 1 
Brinell hardness number, from 60 to 90 points. In every case aging at roon 
temperature gave a greater maximum hardness than at any elevated tempera 
ture, and at temperatures above 100 degrees Cent. resulted only in a softening 
It was also observed that aging at room temperature increased the tensik 
strength by 21,000 pounds per square inch, and reduced the elongation from 
12 to 13.5 per cent. 

Koster studied these phenomena in great detail. He used eleven commer 
cial steels, varying from 0.04 to 0.20 per cent carbon, and investigated the 
changes in tensile properties, notch-impact values, density, electrical conduc 
tivity, chemical attack by 1 per cent sulphuric acid, and magnetic properties 
He found, in brief, that aging at room temperature following a quench from 
temperatures up to 680 degrees Cent. gave the maximum change after 14 days, 
and that during this time the yield point increased 62 per cent, the tensile 
strength 57 per cent, the Brinell hardness number 63 per cent, and that the 
elongation decreased 50 per cent and the reduction in area 14 per cent. Maxi 
mum hardness was obtained in aging at 50 degrees Cent., higher temperatures 















‘Masing and Koch's work originally appeared in complete form in Wissenschaftlich 
Veréffentlichung aus dem Siemens-Konzern, Vol. 6, 1927-28, p. 202 (Masing and Koch) 
and in Archiv fiir das Etsenhiittenwesen, Vol. 2, 1928, p. 185 (Masing). 














WwW Koster, 


Archiv fiir das Eisenhiittenwesen, Vol. 2, 1929, p. 503; see also Koster 


discussion on Masing’s paper, Archiv fiir das Eisenhiittenwesen, Vol. 2, 1927-28, p. 194; als 
Stahl und Eisen als Werkstoff. Vortradge Werkstoflagunag, Berlin, 1927, Vol. III, page 16 
Zeit. fiir Metallkunde, Vol. 


a4 


1930, p. 289. 


»? 


Stahl und Eisen, Vol. 43, 1923, p. 1347. 
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esulted in softening; the aging curves were entirely similar to those for 

yralumin for aging at room temperature and at elevated temperatures. 
Késter found that even rapid air cooling was a sufficiently drastic quench 

«> endow the steel with some aging capacity, and pointed out that this fact is 


some importance in industrial metallurgy. The effect of the aging on notch 


mpact value is similar to that for over-strain aging: the temperature of the 


rapid decrease, normally in tron and steel at about 0 degrees Cent., is in 
reased. 

The theory to account for these changes may now be taken to be very 
atisfactorily established. Masing originally pointed out that the types of be 
havior shown by steel on aging are exactly of the duralumin type of aging, 
and that the variation in solubility of FesC in @ iron with temperature gave 
the necessary condition. Koster advanced more direct proof, producing data 
m electrical conductivity which showed an increasing solubility of FesC in a 
iron with increasing temperature; furthermore, he determined the solid solu 


0 
~~ 


bility by the Eggertz method for combined carbon, and showed that on agin 
practically all the carbide precipitated at 250 degrees Cent., at which point 
steel showed maximum attack by acid. These data, together with the fact 
that the degree of aging increases progressively, starting at 400 up to 700 de 
erees Cent., which is near the A: point, indicated that carbon was the activ 
agent in these steels, at least the chiet active agent. 

In extending his work, Koster found that the aging capacity was markedly 
dependent upon the carbon content. The maximum increase in hardness after 
14 days retention at room temperature, following quenching from 680 degrees 
Cent., rose sharply with the first few hundredths per cent carbon, reaching a 
maximum of 83 per cent at 0.03 per cent carbon, varying somewhat irregularly 
around 60-70 per cent between 0.06 and 0.17 per cent carbon, and falling rapidly 
to nearly zero at 0.6 per cent carbon. Also, he found that a “Vergtiten” treat 
ment, consisting of a quench from above A; and an anneal at 680 degrees Cent. 
robbed the steel of all capacity to age, presumably by some critical state of the 
spheroidized cementite. He found also that the darkening of Fry’s etching 
agent, which indicates finely divided precipitate in iron, indicates such a pre 
cipitate here also. In passing, it should be remarked that Sachs recently per 
formed a somewhat similar study, using low-carbon welding rod. 

Dr. Bates’ work lends additional support to the preéminence of carbon in 
these phenomena. His curves in Fig. 1 extend quenching experiments up t 
1000 degrees Cent., and thus are new data. The maximum effect comes at Ax, 
indicating the effect to be that of carbon. It is well to stress this point, for the 
comparable critical point in Fe-O alloys is very close to As, whereas in the 
Fe-N system, it is near 600 degrees Cent. In addition to this evidence, his 
demonstration that aging is possible only when carbon exceeds 0.010 per cent 
(slightly above the probable solid solubility at room temperature) is especially 
happy, and again points to carbon as the active agent. The exact carbon com- 
position at which aging appears should, of course, be in the neighborhood of 
0.006 to 0.008 per cent, the extent of solid solubility of carbon in @ iron. Some 
experiments conducted at the Naval Research Laboratory with Armco iron (C 
0.012 per cent, S 0.018 per cent, P 0.002 per cent, Mn 0.030 per cent, 
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sates 








Si 0.002 per cent, N 0.018 per cent) quenched from 700 degrees Cent. 
aged 60 hours at 55 degrees Cent., showed a very slight increase in tensile 
strength, 40,650 to 41,150 pounds per square inch, but an appreciable increase 
in Rockwell hardness, B scale, from 59.4 to 63.4. It is quite obvious that th 
effects of other elements on the aging activity of carbon may well be ap 
preciable, so that hairs cannot be split over such differences. 

Dr. Bates’ statement that a hydrogen treatment at 925-950 degrees Cent. 
does not appreciably reduce the oxygen or sulphur content of the steel re- 
quires correction. The reduction of oxygen content by hydrogen has been noted 
by Ledebur,” Whiteley,” Rooney,“ and Pfeil.” 

Our own work has shown the rate of reduction of oxygen to be quite rapid, 
in fact, more rapid than that of carbon. This reduction of oxygen takes plac« 
over a wide temperature range; at 1150 to 1200 degrees Cent. a treatment of 
48 hours reduced the oxygen content in the strip from 0.030 to 0.0011 per cent, 
~96.5 per cent; after 140 hours at this temperature no oxygen could be found 

Similarly with sulphur, Charpy and Bonnerat,’* Schmitz,“ and Campbell” 
all report extensive desulphurization, though Pfeil was unable to detect 
sulphur elimination. We have found that desulphurization takes place over a 
range of temperatures; at 1150-1200 degrees Cent., 48 hours in hydrogen, re 
duced the sulphur from 0.018 to 0.009 per cent,—50 per cent, and 140 hours to 
0.002 per cent,—89 per cent. Nitrogen is also rapidly eliminated, 48 hours at 
1150-1200 degrees Cent. reduced the nitrogen from 0.0018 to 0.0006 per cent, 
and 140 hours to 0.0004 per cent, a total reduction of 88 per cent. These data 
will be reported in full later. 
















AIS 


Author’s Closure 





I deeply regret that the important work of W. Koster, cited by Messrs. 
Mehl and Briggs, was not available to me until after my own paper was in 
print. Familiarity with Koster’s investigation would have saved me much 
time and labor. I hereby apologize for having seemingly neglected to give 
credit for work accomplished. 








Messrs. Mehl and Briggs, in correcting my statement that treatment by 
hydrogen during a period of 4 to 20 hours at 925 to 950 degrees Cent. removes 
oxygen and sulphur only superficially, have cited their own work carried out 
for a period of 48 hours at 1150 to 1200 degrees Cent. I do not believe that 
this constitutes a correction. Whiteley’s work, to which reference has been 
made by both Mehl and Briggs and myself, showed that, whereas elimination of 








“Stahl und Eisen (1882), 1931. 








Journal, Iron Steel Institute, No. 2, 1920, p. 407. 








4Journal, Iron Steel Institute, No. 2, 1924, p. 122. 






Journal, Iron Steel Institute, Vol. 118, 1928, p. 167. 


“Comptes Rendus, Vol. 156, 1913, p. 394. 


UStahi und Eisen, Vol. 39, 1919, pp. 373, 406. 














Journal, Iron Steel Institute, No. 2, 1919, p. 407. 
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<ygen by hydrogen is very rapid at 1100 degrees Cent. and above, the re 
tion is extremely slow at temperatures below 1000 degrees Cent. 

Dr. Herty, Professor Boylston and Mr. Yap have all suggested an exten- 
‘on of this investigation to include materials other than basic Bessemer steel. 


lhat work of extension is, as a matter of fact, now under way. A year ago | 


arried out a few experiments on each of the following materials with results 
is here noted: 


1. Electrolytic iron (carbon 0.02 per cent) showed a marked age-harden- 
ing after quench at 700 degrees Cent. 

2. Armco iron (made in France) showed only slight age-hardening after 

quench at 700 degrees Cent. and considerable age-hardening after quench at 
900 degrees Cent. 
3. Three basic open-hearth steels containing respectively 0.12, 0.30 and 
0.50 per cent carbon, when quenched at 700 degrees Cent. and aged, showed that 
ability to age-harden decreases rapidly as carbon content increases. The ca- 
pacity for aging apparently disappears when the carbon concentration reaches 
about 0.60 per cent. 


In answer to Prof. Boylston I can say at the present time only this, that 
\rmco ingot iron can be age-hardened but that the relationship between quench- 
ing temperature and capacity for aging does not seem to follow the same curve 
as in the case of the basic Bessemer steel. It is quite possible, as Prof. Boylston 
suggests, that the manganese and phosphorus in the materials are responsible for 
this difference in aging properties. 

In answer to Messrs. Leiter and Winlock I must say that I do not believe 
that nitrogen has played an important role in the work outlined in my paper. 
As Mehl and Briggs have pointed out in their discussion, the maximum solu- 
bility of nitrogen in iron occurs at about 600 degrees Cent. After a quench 
at that temperature the steel which I studied showed only a slight capacity for 
age-hardening. Furthermore, according to Ehn, a draw at 250 degrees Cent. 
does not materially decrease the hardness of nitrogen-hardened steel. In the 
basic Bessemer steel under discussion in this paper, a draw at 225 degrees Cent. 
completely removed all effects of age-hardening. 

With regard to the phase which I have called Constituent-X, (here | 
refer to the suggestions of Messrs. Leiter, Winlock, Yap and Aloi), I do 
not believe that these crystals are pure austenite in exactly the sense in which 
that term is commonly understood. Whether or not oxygen enters into the 
composition of Constituent-X, it is certain that iron and carbon do. Fig. 19 
shows the same effect discovered by Mr. Aloi, namely that Constituent-X 
breaks down to sorbite on heating to 200 degrees Cent. Actually this break- 
ing down occurs at 100 degrees Cent. Evidently the constituent is highly 
supersaturated with respect to carbon. I do not believe that Constituent-X 
is the same as that discovered by Mr. Gat, as has been proposed by Mr. Yap. 

I am quite ready to agree with Yap’s opinion that my explanation of age- 
hardening is mechanistic. I am also very ready to believe that it does not by 
any means represent the final word in the matter. The form of the solubility 
curve of carbide in alpha iron as proposed by Yap is very interesting, as, indeed, 
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all of his thermodynamic studies have been. His newly proposed curve 
not, of course, demand any essential modification in the explanation of 
hardening as advanced in this paper. 

I hesitate to agree at this time with Mr. Felix Aloi in his contention 


carbide precipitation can have nothing to do with the seasoning of low car 


cold-rolled sheet. We know little or nothing of the alterations in this typ 


precipitation which may be occasioned by variations in concentrations of ot 
elements such as manganese, silicon, phosphorus, etc. Furthermore, f; 
several experiments which I| carried out subsequent to the printing of. thj 
paper, it seems probable that grain distortion due to cold work facilitates ¢ 
bide precipitation. Several other investigators have come to a similar cor , 
clusion. 
I wish to sincerely thank the gentlemen who have added interest to this 
paper by their comments and criticisms. Their many valuable suggestions will 


be kept in mind during the course of future investigations of age-hardening 
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SHORT-TIME NITRIDING 









By JoHN J. EGAN 


Abstract 


























Several improved methods of nitriding are herein de- 
scribed, namely, the duplex cyanide treatment, the use of 
ammonia and nitric oxide, ammonia with nitrogen-contain- 
ing compounds, and activated sand as packing material. 
The use of an electric spark in the nitriding chamber, ultra- 
violet irradiation of the specimen during treatment, and 
high frequency heating are also discussed. These methods 
all result in appreciable cases in a much shorter period of 
time than is possible by the present methods. 

A wear testing machine has been designed and a num- 
ber of tests carried out. Nuitrided chromium-vanadium 
steel running against Stellite without lubrication shows 50 
per cent less wear than any other combination tried. 


INTRODUCTION 





HERE exist today countless applications for nitriding in the 
T case hardening of small machine parts such as in typewriters, 
vacuum cleaners, sewing machines, etc., in which extreme surface 
hardness is essential for wear-resistance, while due to low unit 
stresses, depth of case is a secondary consideration. By the use 
of ammonia alone, as the nitriding process is generally carried out, 
it is not possible to produce an appreciable case thickness in less 
than ten to fifteen hours. Thus, it is not practicable to get more than 
one run per working day per furnace. For this reason many pros- 
pective users are reluctant to depart from older methods of harden- 
ing which, although possessing many disadvantages, at least permit 
speed in production. 

To reduce the time of the nitriding cycle has been the aim of 
metallurgists since the inception of the process some ten years ago. 


Two methods developed in the laboratories with which the writer 1s 









\ paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author, John J. Egan, is a mem- 
ber of the society and is associated with the Union Carbide and Carbon Research 
Laboratories, Inc., Long Island City, N. Y. Manuscript received June 15, 1931. 
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associated have already been described before this society *, 
consist in the use of inert materials as packing in the usual an 
treatment, and in the use of a special molten salt bath. 

In the present paper, improvements in these methods ar 
scribed as well as several other means of accomplishing this accele 
ation of the nitriding reaction. Although in some instances exper; 
mental work has not advanced beyond the laboratory stage, commer 
cial possibilities are indicated and it has been thought advisable ¢ 
present the results at this time when interest is high and research j; 
the field so extensive. 











ANALYSES OF STEEL USED 









In general, the work described was carried out on two types oi 
steel, a chromium-vanadium steel known to the trade as Nitralloy 
630, and a chromium-aluminum steel known as Nitralloy 125. Th 
analyses are given below : 






Nitralloy 630 Nitralloy 125 








Carbon 0.25% 0.26% 
Chromium 1.69 1.69 
Vanadium 0.63 nil 
Aluminum nil 0.91 


Molybdenum nil 0.10 










ISVALUATION OF THE CASE 


The testing of such thin cases as are here reported presents a 
difficult problem. Most instruments recognized at present as capable 








of measuring hardnesses of the order of nitrided steel are of the 
indenting type, the hardness number being a function of depth of 
penetration or some dimension of the impression produced under a 
given load. When working with these thin cases the penetrating 






medium easily breaks through, the reading thus becoming an inte- 
grated value of case and core hardness. Nevertheless, for purposes 








of comparison, all pieces here described were subjected to test in the 
Monotron and Rockwell “B”, after which the case depth was meas- 
ured under the microscope, using the etch developed by J. R. Vilella’ 


1A. B. Kinzel and J. J. E 
for Steel Treating, 1929, p. 1 





gan, “‘Nitriding Symposium,’’ Transactions, American Society 
7 


5 




















2A. B. Kinzel and J. J. Egan, Transactions, American Society for Steel Treating, Vol 
18, 1930, p. 459. 
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[he hardness of the cases reported was found to be of the same 
er as that of cases obtained by the usual long-time ammonia treat- 
ent, nominally 1000 Brinell. 


1 cases (a condition encountered even with the deeper ones) any 


Due to difficulties in evaluating these 
re quantitative statement has been avoided. Obviously the only 

ue test is a service test, and in order to simulate service conditions 
many of the specimens were subjected to wear tests in a machine 
described later in this paper. These showed a wear-resistance equal 
to that of specimens nitrided by the usual methods for considerably 
four hours was 


longer periods. In most of the tests a treatment of 


F adopted as standard. Although ten hours are required with the 
usual ammonia process all the methods here described produced ap- 
preciable cases with satisfactory hardness in four hours. For pur- 
poses of comparison the results of a four-hour treatment with am- 


monia alone are shown in Figs. 1 and 2. 


THe DupLtex CyaANIpDE PROCESS 








In the cyanide process, as originally reported, the work was 


heated for a period of two hours in a molten mixture of 47 per cent 


pia ats ri x ee 


A NMR SI iat idle 2 


potassium and 53 per cent sodium cyanides. By this treatment cases 
of approximately 0.0005 inch depth were obtained, which, despite 
their thinness, possessed high surface hardness and wear-resistance. 

The advantages of a molten bath as the nitriding medium are 
= quite obvious. No preliminary flushing or subsequent cooling cycle 
» is necessary, with their resulting loss of time, and the furnaces and 


other equipment are not tied up. On the other hand, the very thin 













cases obtained were a serious handicap, and considerable work has 
since been done in an effort so to modify the procedure as to bring 
about improved properties permitting wider commercial application. 

experiments having shown that, for a given time, case depth 
increased with the temperature, a combination of high and low tem- 
perature treatment was tried. Specimens were heated for two hours 
at 1200 degrees Fahr. (650 degrees Cent.) followed by two hours at 
SOO degrees Fahr. (460 degrees Cent.), resulting in a marked im- 
provement in depth, but somewhat inferior hardness. Further work 
showed that successive 2-hour treatments at 1025 and 860 degrees 


Kahr. (550 and 460 degrees Cent.) for chromium-vanadium, and 





1200 and 950 degrees Fahr. (650 and 510 degrees Cent.) for alu- 


minum-bearing steel resulted in the most satisfactory properties. 
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Fig. 1—Chromium-Vanadium Steel Nitrided 4 Hours at 860 Degrees Fahr., in Ammonia : t 
Fig. 2—Chromium-Aluminum Steel Nitrided 4 Hours at 860 Degrees Fahr., in Ammonia of tl 
Fig. 3—Chromium-Vanadium Steel Nitrided in Cyanide Bath, 2 Hours at 1025 Degrees 
Fahr., 2 Hours at 860 Degrees Fahr. 
Fig. 4—Chromium-Aluminum Steel Nitrided in Cyanide Bath, 2 Hours at 1200 Degrees 5 


Fahr., 2 Hours at 950 Degrees Fahr. All photomicrographs x 100, (Abst: 
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lypical cases are illustrated in Figs. 3 and 4. The hardness was 
quite equal to the best obtained with the single low-temperature treat- 
ment and the case depths were increased to 0.004-0.005 inch. No 
differences were noted whether the duplex cycle was carried out in 
separate furnaces, the work being transferred from one to the other, 
or the furnace temperature lowered for the second treatment, the 
work remaining in the bath. 

Several successful commercial applications of the process have 
already been made, of which the hardening of engraved master rolls 
for cloth printing is an excellent example. Here deep nitrided cases 
fail completely, due to brittleness, while the thin and considerably 
more ductile cases such as are produced in the cyanide bath outlast 
the best hardened steel rolls many times. 


MIxTURES OF AMMONIA AND THE OXIDES OF NITROGEN 


In a search for more efficient gaseous nitriding media a study 
was made of those reactions or decompositions which at nitriding 
temperatures liberate nitrogen as one of their products. Among 
these the reactions between ammonia and the oxides of nitrogen 
seemed to hold particular promise. Baxter and Hickey*® have re- 
ported that mixtures of ammonia and nitric oxide when passed over 
heated copper gauze or platinized asbestos react according to the 
following equation : 

6NO + 4NH; = 5N2 + 6H:0O 


Nitrous oxide behaves similarly but with explosive violence. ‘Tests 
were carried out in which a mixture of ammonia and nitric oxide 
was passed into the nitriding container, the nitric oxide being pro- 
duced by the action of a solution of potassium nitrite on one of fer- 
rous sulphate in sulphuric acid. After even as short a period as 2% 
hours appreciable cases were found. Further tests in which the spec- 


imens Were wrapped in copper gauze resulted in deeper cases. 


Later experiments seemed to indicate that as the amount of nitric 
oxide increased and approached the theoretical 60 per cent called 
for in the reaction, case properties were improved. Nitric oxide 
alone had no effect. Complete data, together with photomicrographs 
of typical cases are given in Table I and Fig. 5. Although the steel 
of the container or of the specimens seems to act to some extent as 


*G. P. Baxter and C. H. Hickey, American Chemical Journal, Vol. 33, 1905, p. 300, 
(Abstract, Journal, Society of Chemica] Industry, Vol. 24, 1905, p. 441.) 
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Table I 
Specimens Nitrided at 860° F. with Mixture 
of Ammonia and Nitric Oxide 








Time Case Depth 
Steel Hours Remarks Inches 







Cr-V } Specimen wrapped in copper gauze. 0.009 
Cr-Al 2 Specimen wrapped in copper gauze 0.004 
Cr-\ 2 Specimen not wrapped in copper gauze 0.003 
Cr-Al 2 Specimen not wrapped in copper gauze. 0.003 
Cr-V 4 Specimen not wrapped in copper gauze. 0.005 
Cr-A Specimen not wrapped in copper gauze. 0.004 






Table Il 
Specimens Nitrided at 860° F. in Ammonia Passed Through 
Nitrogen-Containing Compounds at 212° F. 



















Time Case Depth 
Steel Hours Remarks Inches 










Cr-Al 4 Ammonia through Aniline 0.003 
Cr-V + Ammonia through Aniline 0.007 
Cr-Al } Ammonia through Nitrobenzene 0.003 
Cr-V 4 Ammonia through Nitrobenzene 0.006 
Cr-Al } Ammonia through Pyridine 0.002 
Cr-V 4 Ammonia through Pyridine 0.004 
Cr-Al 4 Ammonia through Alpha-Naphthylamine 0.002 
Cr-V 4 Ammonia through Alpha-Naphthylamine 0.003 
Cr-Al 4 Ammonia through Phenylene-diamine 0.002 
Cr-V 4 Ammonia through Phenylene-diamine 0.003 
Cr-Al 4 Ammonia through Quinoline 0.003 
Cr-V 4 Ammonia through Quinoline 0.002 
Cr-Al 4 Ammonia through Diethylamine (33%) 0.001 
Cr-V 4 Ammonia through Diethylamine (33%) 0.001 








a catalyst for the reaction, the best results are obtained in the pres- 
ence of copper gauze or chips. Water vapor is one of the products 
of the reaction, but tests have shown that while a slight surface dis- 
coloration occurs the hardness of the case is not affected. 


AMMONIA [THROUGH NITROGEN-CONTAINING COMPOUNDS 













Some of the earlier investigators had reported that improve- 
ments in case properties were obtained when the ammonia was passed 
through benzol before entering the nitriding chamber. Considerable 
experimental work along this line was carried out at the author’s 
laboratories and it was found that by the use of a nitrogen-contain- 
ing compound, such as aniline, considerable improvement was effected 
When the ammonia was passed through aniline heated in a water 
bath to 212 degrees Fahr. cases of approximately 0.007 inch on test 
pieces of chromium-vanadium steel and 0.003 inch on chromium 
aluminum steel were obtained in four hours at 860 degrees Fahr. 
as shown in Figs. 6 and 7. A number of other compounds were 
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on test Fig. 5—Chromium-Vanadium Steel Nitrided 4 Hours at 860 Degrees Fahr., in Mixture 
: t Ammonia and Nitric Oxide. 

omium é Fig. 6—Chromium-Vanadium Steel Nitrided 4 Hours at 860 Degrees Fahr. in Ammonia 
f : subbled Through Aniline at 212 Degrees Fahr. 

S Fahr. Fig. 7—Chromium-Aluminum Steel Nitrided 4 Hours at 860 Degrees Fahr., in Am- 


ia Bubbled Through Aniline at 212 Degrees Fahr. 
ls were Fig. 8—Chromium-Vanadium Steel Nitrided 4 Hours at 860 Degrees Fahr., in Am 
nia with Activated Sand as Packing Material. All photomicrographs x 100. 
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tried with very satisfactory results, e. g., quinoline, pyridine 


» alpha 
naphthylamine, phenylene-diamine, and diethylamine. Full data are 
contained in Table IT. 


The greater efficiency of the aniline than of the other materials 
studied is quite evident. No very plausible explanation of the 
mechanism of the reaction has been advanced since no relation could 
be found to exist between nitriding efficiency and physical or chem- 
ical properties. Again, little information is available on the pyrolysis 
of these organic compounds. The majority of them do not break down 
directly into their elements on heating but pass instead through a 
series of decomposition products. Their behavior might be radical] 
altered by the presence of the ammonia, the dissociation of the latter 
being in turn also affected. It is quite evident that before an ex- 
planation can be made considerably more work of a fundamental 
nature will be required. 


ACTIVATED SAND AS PACKING MATERIAL 


P. G. Nutting* has reported that by the treatment of sea sand 
with hydrofluoric acid or molten potassium hydroxide at 660 degrees 
Fahr. for 1-2 minutes, followed by boiling in hydrochloric acid, 






Table Ill 
Specimens Nitrided at 860° F. in Ammonia 
with Activated Sea sand as Packing 


Time Case Depth 
Steel Hours Remarks Inches 
Cr-V 4 0.006 






washing and drying, the oil-adsorbing properties of the material 
are greatly enhanced. In view of the successful results obtained 
with inert material as packing it was thought advisable to test the 
possibilities of this activated sand in nitriding. 

Several runs were made using a vitreosil tube as the nitriding 
container, specimens of chromium-vanadium steel being packed in 
the sand and heated for four hours at 860 degrees Fahr. (460 de- 
grees Cent.); excellent cases resulted as shown in Table III and 
Fig. 8. Somewhat higher surface hardness was noted in these cases 
over others of equal depths obtained by different methods, and it 
is thought that the wider surface zone, as shown in the figure, is the 


1. Nutting, Science, Vol. 72, 





1930, p. 243. 
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cause of the phenomenon. This layer which probably represents 
the zone of highest nitrogen concentration is usually much narrower 
in cases produced by other means in the same period of time. The 

tivated sand used was in the form of coarse particles of about 30 
mesh, which should permit satisfactory heat conduction to the various 
parts of the container. 






THe ELectrIC SPARK 








Dissociation measurements made during tests in which inert 
® iaterial was used as packing resulted in values considerably in ex- 
cess of the customary 25-30 per cent. In spite of this, as previously 
reported, excellent cases were obtained, which suggested the possi- 








Specimen 


Se 


Fig. 9—Apparatus for Insuring High Dissociation in Immediate Vicinity 
of Work (Spark Gap Mounted Within Nitriding Chamber). 
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bility that this low dissociation was not essential to successful nitrid- 

» ing and various means of increasing it were accordingly investigated. 

» A spark gap suitably mounted within the nitriding chamber and 
connected to an outside power source seemed a rather simple means 
of insuring high dissociation in the immediate vicinity of the work, 
and the apparatus shown in Fig. 9 was constructed. The electrodes 
consisted of ;'s inch iron wire, mounted in rubber stoppers so that 
the length and location of the spark with reference to the test piece 
could be varied. The usual induction coil circuit was used. 

A preliminary test was made in which a specimen of chromium- 
aluminum steel was heated for four hours at 860 degrees Fahr. 
(460 degrees Cent.), the spark passing directly to the piece. Subse- 
quent examination indicated a depth of 0.006 inch, as shown in Fig. 
12. Further study indicated that best results were obtained when 
the spark was close to or directly upon the specimen. The next ef- 

forts were directed toward the construction of a metal container, 
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Table IV 
Specimens Nitrided at 860° F. in Ammonia 
with Spark in the Nitriding Chamber 


Time 
Hours Remarks 

4 Container illustrated in Fig. 9 

} Container illustrated in Fig. 10 

(2 plugs) 

} Container illustrated in Fig. 10 

(2 plugs) 

Container illustrated in Fig. 10 

(4 plugs) 

Container illustrated in Fig. 10 

(4 plugs) 


Table V 


vase Dept 
Inch 


0.006 
0.006 


0.003 
0.003 


0.002 


Specimens Nitrided at 860° F. in Ammonia Under Influence 


of Ultra-Violet Light 


Time 
Steel Hours Remarks 
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Table VI 


Case Depth 
Inch 
0.002 
0.002 
0.006 
0.003 
0.008 
0.003 
0.011 
0.004 


Specimens Nitrided in Ammonia at 860° F. in Container 


Heated by High Frequency Current 
Time 
Hours 


4 
4 


Remarks 


Case Depth 
Inch 
0.008 
0.010 


and various forms typified by Fig. 10 were tried out, the results of 
the tests being given in Table 1V. These cases in no instance equalled deal 
those made in the vitreosil tube, which may be due to the fact that Fens 
only in the latter tests did the spark pass directly to the specimen. dale 


is us 


ULTRA-VIOLET LIGHT 


The effect of ultra-violet light on ammonia has been discussed 
by many investigators who have reported that under its influence 
decomposition is rapid. To study its possibilities in nitriding, the 
furnace shown in Fig. 11 was constructed and a series of tests made, 


the results of which are given in Table V; Figs. 13 and 14 show 
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typical cases. The work is placed in the chamber about the quartz 


e. Ultra-violet light, produced by a special quartz mercury-vapor 


lamp extending through this tube, thus irradiates the metal and gas 


NH; out 


Fig. 10—Typical Metal Nitrid 
ing Containers with Spark Plugs 
Mounted Within. 


fn a 


Heating 1 Quertz Tu 
Elements 


Fig. 11—Furnace for Testing Effects of Ultra-violet 
Light on Ammonia and its Possibilities in Nitriding. 
during treatment. Dissociation under these conditions has been 
found to be quite high, which perhaps explains the ability to pro- 
duce hard, satisfactory cases in a short time when ultra-violet light 
is used. 


Hicgu FREQUENCY HEATING 


In line with the general study of the possibilities of acceler- 
ating the nitriding reaction by means of irradiation and electric fields 
the action of high frequency currents was investigated. Many tests 
were made in which the nitriding container was heated in a high 
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Fig. 12---Chromium-Aluminum Steel Nitrided 4 Hours at 860 Degrees Fahr., 
monia with Spark in the Nitriding Chamber. (See Fig. 9.) 

Fig. 13—-Chromium-Vanadium Steel Nitrided 6 Hours at 860 Degrees Fahr., 
monia Under Influence of Ultra-Violet Light. (See Fig. 11) 

Fig. 14—Chromium-Aluminum Steel Nitrided 6 Hours at 860 Degrees Fahr., 
monia Under Influence of Ultra-Violet Light. (See Fig. 11) 

Fig. 15—Chromium-Vanadium Steel Nitrided 4 Hours at 860 Degrees Fahr. 


monia. Container Heated by High Frequency Current. All photomicrographs xX 
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(Side View) 


-Wear Testing Machine. 


16 


Fig. 





in Am frequency induction furnace. The results listed in Table V1 show 
in Am the remarkable improvement effected. A specimen of chromium- 
vanadium steel nitrided for four hours at 860 degrees Fahr. (460 
























494 TRANSACTIONS OF THE 


Me ithe Bs 









degrees Cent.) is shown in Fig. 15. Mahoux® has recently rep: 
a much increased nitriding speed when the specimen, during nit 
ing, is subjected to the action of high frequency oscillations, whic! 


Lich 


substantially checks the work herein described. 


DISCUSSION 


A study of the results of the tests brings out several interesting 
facts. Based on the efficiency of the methods, as measured by the 
depth of case produced in a given time, they may be broadly divided 
into two classes, the first group including the use of the ammonia- 
nitric oxide mixture, the electric spark, and the high frequency cur- 
rent heating; and the second, the duplex cyanide treatment, ultra 
violet light, activated sand, and nitrogen-containing compounds. Oj 
the more efficient processes, all included in the first group, the spark 
and the high frequency current require further study before they 
may be applied commercially. The use of the ammonia-nitric oxide 
mixture, on the other hand, should fit rather readily into routine 
nitriding since the method involves no great departure from current 
practice save the proper premixing of the gases and the use of the 
copper gauze or chips. In addition, the production of cases 0.01 inch 


in depth in four hours should insure its ready acceptance by the 


industry. 


WEAR TESTING 


Very early in the nitriding study conducted at these laboratories 
it became evident that some test was necessary to determine, approx- 
imately at least, the service potentialities of the cases. A wear test- 
ing machine was then constructed, as described in a previous paper’, 
in which the specimen was rotated in a container of rusty water 
containing some grit, one end of the specimen passing through a 
stuffing box kept soaked with the water. While this was qualita- 
tively satisfactory it did not permit any great variations in the wear 
conditions and the apparatus illustrated in Figs. 16 and 17 was there- 
fore built. The machine is based on the design originally furnished 
by V. T. Malcolm, of the Chapman Valve Company, and consists 
essentially of two carefully aligned specimen holders, the upper one 


being held in place by means of set screws. Through a speed re- 


ducing and eccentric mechanism the lower holder describes a recip 






5G 


G. Mahoux, Comptes Rendus, Vol. 191, 1930, p. 1328. 
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7—Wear Testing Machine. (Front View) 


rocating motion, moving through a stroke of two inches ninety times 
per minute. The specimens are thus caused to rub against each other, 
in perfect contact, under a constant load. This load is transmitted 
to the upper holder through the spherical-ended shaft shown in the 


photograph, the weights being hung below the machine. The speci- 
mens, which measure 1 x 2 x % inch, are carefully ground to parallel 


faces before test and are weighed after each 10,000 strokes. 
A number of tests have been made on various combinations of 
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metals under different loads, some of the results being given in Tal 
VII. The thin cases described in this paper all gave satisfact 


results, in some instances showing even greater resistance than the 


Table VII 
Weight Losses with Various Combinations 
After 30,000 Strokes Under 10-Ib. Load 





Combination Weight Loss 








Nitrided Cr-V steel vs Stellite 0.0018 gram 
Stellite vs Stellite 0.0041 gram 
Nitrided Cr-V steel vs Nitrided Cr-Al1 steel 0.0053 gram 
Cyanided Cr-V steel vs Hardened Tool Steel 0.0097 gram 
Nitrided Cr-V steel vs Hardened Tool Steel 0.0193 gram 
Nitrided Cr-Al steel vs Hardened Tool Steel 0.0239 gram 









Hardened Tool steel vs Hardened Tool Steel 0.1312 gram 






















deeper ones. The pair showing the greatest wear-resistance was a 
special cobalt-chromium-carbon alloy and nitrided chromium-vana- 
dium steel. An alloy known as Stellite No. 1 was thermally deposited 
on steel and then carefully ground to specimen size. The nitrided 
case was produced by a 50-hour ammonia treatment with magnesia 
packing, at 860 degrees Fahr. (460 degrees Cent.). 
















ACKNOWLEDGMENTS 





The author wishes at this time to thank the various members 
of the staff of the Union Carbide and Carbon Research Laboratories, 
Inc., who assisted in many ways in carrying out the various tests. 
He particularly wishes to acknowledge the many stimulating dis- 
cussions and the helpful advice given by Dr. A. B. Kinzel, who was 
also responsible for initiating many of the experiments herein re- 
ported. 


DISCUSSION 














Written Discussion: By Samuel J. Rosenberg, associate metallurgist, 
Bureau of Standards, Washington, D. C. 

While no criticism of the wear test results presented by Mr. Egan is 
intended, it is often misleading to place much faith in conclusions drawn from 
only a few wear tests. The results obtained from the first few tests of any pair 
of materials are so dependent upon such factors as the mechanical finish of the 
surfaces, alignment of the specimens in the testing machine, work-hardening ot 
the wearing surfaces, formation of surfate films, etc., that more frequently than 
not they are not at all indicative of the true wear-resistance of the materials 
tested. This is one point upon which investigators of wear are in general agree 
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ent, namely, that conclusions drawn from the results of only a few wear tests 





usually erroneous. 
As an illustration of the case in question, the data in Fig. 1 (this discus- 






‘on) are offered. These data represent the results of wear tests upon two 





crades of stellite. The tests were made in an Amsler wear testing machine 






under a load of 60 kilograms, which corresponds to a maximum pressure of 
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Fig. 1—Wear Tests of Two Grades of Stellite 









about 74,000 pounds per square inch. The material against which the stellite 
was tested was a 0.81 per cent carbon steel heat treated to a hardness just 
under 60 on Rockwell “C” scale. 

In tests of this type the loss in weight of the test specimen is usually plotted 
against the work consumed in friction between the specimens. When the curve 
assumes a definite slope, the wear per unit of work is calculated from this slope 
and this value is used as a measure of the wear. Had the losses in weights 
caused by the first three tests been added and used to express the wear, the 
weight losses of the specimens (after 30,000 revolutions) would have been as 


follows: 









3A _ 0.0862 grams 






Grade 3 





3B 0.0822 grams 







6A 0.0761 grams 





Grade 6 





6B 0.0236 grams 
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lf these values are used as a measure of the wear, the duplicate specimens 
grade 3 check very well, but the duplicate specimens of grade 6 give widely d 
ferent results 






[f these results are averaged, they would show that the wei; 
loss of grade 3 was almost twice as much as that of grade 6. 

If the wear-resistance is based upon the weights lost over a longer perio. 
comparisons may be made at the end of 24 tests, representing 240,000 
tions. The weight losses are then as follows: 





revo! 





3A 1.0294 grams 


| 
; 


|° A 0.3031 grams 


Grade 3 


> 1.0681 grams 


Grade 6 
lon 0.2106 grams 







If these values are used as a measure of wear, the duplicate specimens of grade 3 
again check very well while the duplicate specimens of grade 6 vary by about 
50 per cent. If the averages are compared, these results would show that thx 
weight loss of grade 3 was about four times that of grade 6 

When these four specimens are compared on the basis of weight lost per 
unit of work after the test specimens have definitely “worn in,” the results 
shown in the figure are obtained. These individual values check quite well and 
show that despite the fact that the actual amount of weight lost by grade 3 was 
considerably greater than that lost by grade 6, 
was only about two-thirds that of grade 3. 
Written Discussion: By D. FE. Ackerman, 


national Nickel Company, Inc., Bayonne, N. J. 


the wear-resistance of grade 6 


research laboratory, Inter 














I should like to secure Mr. Egan’s views upon a few points pertaining to 





the wear test which he uses for estimating the utility of nitride cases. 





It has been found in Amsler wear testing that the slope of cumulative 
weight-loss-time or cumulative weight-loss-work curves 





constitutes a much 
more satisfactory criterion of wear than the weight-loss after a given period of 
test. 














Mr. Egan’s experience with data from his own wear machine seems to be 
rather different, and perhaps he will give us the benefit of his experience in the 








important matter of choosing a method of expressing wear test results. Would 
the order of merit of the nitride cases of * 





Table VII have been the same if some 
other criterion of wear, such as the slope of the cumulative weight-loss-time 
curve, had been used: 








It would be of interest to know what degree of repro 
ducibility Mr. Egan has been able to attain with his wear test. 











[ think Table VII could be profitably expanded to include the weight losses 
suffered by the individual specimens, in addition to those sustained by each pair 
of specimens. 











During a visit to the Carbide and Carbon Laboratories some time ago, | 
noticed that films of red oxide, similar to those encountered in Amsler tests on 








ferrous materials in air, formed on the wearing surfaces of the nitrided speci- 





mens, although the unit stress here is only 5-10 pounds per square inch as com 





pared with 10,000-100,000 pounds per square inch in the Amsler machine. | 


een a 
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uld like to ask Mr. Egan what relation, if any, exists between the wear of 





ven pair ol oxide filmed specimens and that of the same specimens when tree 


m oxide. Does the presence or absence of an oxide film cause any diftterence 





the relative weight loss of the individual specimens of any given pait 





Written Discussion: By V. ©O. Homerberg, associate professor 
vsical metallurgy, Massachusetts Institute of Technology, Cambridge, Mas 






Nitriding in a cyanide bath to procure a case depth of 0.004 to 0.005 incl 





} hours with a surface hardness of 1000 Monotron-Brinell represents a very 





+} 


mportant accomplishment. There are a great many applications where this 





thickness of case 1s ample tor the purpose. 





In several instances the author has made comparisons in case depth betwee 





E the chromium-vanadium and the chromium-aluminum-molybdenum steels after 






nitriding at 860 degrees Fahr. Such a comparison is not a fair one since this 





temperature is not the proper one to be used with the latter steel, although it is 


{ 





the most desirable one for the chromium-vanadium type. It is true, nevertheless 





that vanadium tends to increase the depth of case. 
Written Discussion: By Oscar FE. Harder, assistant director Battell 







\lemorial Institute, Columbus, Ohio. 





In connection with Mr. Egan’s paper, in which he shows the effect of copper 





vauze on the depth of penetration, it is of some interest to note the results which 





have been obtained by nitriding copper-plated specimens. 






British patent No. 345,659, granted to Sutton, Sidney, and Evans of the 





Royal Aircraft Establishment, provides for an alloy steel coated with copper, 





silver, platinum, arsenic, cobalt, or molybdenum, or any other suitable metal or 





metalloid, as a means of nitriding steels which are not satisfactorily hardened 






hy the usual process. Specific mention is made of the following alloy steels: 
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‘rom results claimed in this patent, it would seem that copper either used 






as a gauze surrounding the material, as has been used by Egan, or as a coating, 





as has been used in the British patent, favors hardening by ammonia in the 






usual nitriding processes. 






The findings of these two independent investigations seem to provide a very 





interesting coincidence and suggest further research on methods of catalyzing 





the nitriding reaction and on the mechanism of this reaction. 







Oral Discussion 











W. J. Merten:' In discussing Mr. Egan's excellent paper, and his new 





methods of nitriding, | want to particularly call attention to the fact that really 





his method of cyanide nitriding is a duplex process. His photographs show ev! 
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dence to that effect, that he does carburize as well as nitride, and I believe the 
carburizing effect is accelerating the nitriding to the point where actually bene- 
ficial results from carburizing are obtained prior to nitriding. The temperatures 
of 1200 degrees Fahr. are sufficiently high to produce carburizing in liquid 
cyanide mixtures. 

The idea of applying activated sand as a filler in the container is certainly 
unique, but certainly shows that a hunch may be helpful in development work 
The electrolytic ionization in activating nitrogen has worked out equally well in 
experiments I have conducted. I consider this paper a very fine contribution t 
the nitriding art. 


Author’s Closure 


I should like first to express my appreciation of the very interesting and 
pertinent discussion. 

Replying to Mr. Rosenberg and Mr. Ackerman, I might say that we also 
realize that many difficulties are encountered in wear testing, and that unless 
great care is taken in the analysis of the final figures, misleading conclusions 
are quite likely to be drawn. The values given in Table VII are, however, 
representative of a number of tests performed by us, but inasmuch as the major 
subject of the paper was the presentation of some new nitriding methods it was 
not thought advisable to discuss wear testing at any great length. No difficulty 
was encountered in checking the order of magnitude of weight loss in various 
tests run under similar conditions. With regard to the question of the weight 
loss for a given number of strokes as against the slope of the weight-loss-time 
curve as a criterion of wear-resistance, inasmuch as weight losses are measured 
after every 10,000 strokes, the slope figures bear a direct mathematical relation 
to those representing weight loss. The effect on the test results of the so-called 
“red oxide film” which forms during a run cannot be measured, as it is not pos- 
sible to subject two ferrous specimens to the test without the formation of this 
material. 

Dr. Homerberg mentions the unfair comparisons between the chromium- 
aluminum-molybdenum and chromium-vanadium steels after nitriding at 860 
degrees Fahr. No comparison at all was really intended. We desired to show 
that the nitriding methods described applied to all steels, and inasmuch as the 
greater volume of our work is done at 860 degrees Fahr. this was used in 
all cases. 

We certainly agree with Dr. Harder that a very profitable line of research 
would lie in the study of the catalyzing and mechanism of the nitriding reaction. 

In regard to Mr. Merten’s discussion, as far as carburizing is concerned, 
we get very little if any carburizing in the short period and at the low tempera- 
tures used in the treatment. Tests which we have conducted on very thin speci- 
mens of steel which were analyzed after the treatment failed to show any in- 
crease in carbon, although they did show an increase in the nitrogen content. 
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rHE COLD TREATMENT OF CERTAIN ALLOY STEELS 






By G. V. LUERSSEN AND ©. V. GREENE 


Abstract 


The paper points out the existence of certain alloys 
of the “borderline” type between the so-called austenitic 
and martensitic or pearlitic steels, showing that these 
alloys can be appreciably hardened by cooling to low tem- 
peratures. Studies are reported on several alloys includ- 
ing two chromium-nickel steels and two nickel-silicon 
steels, which are investigated in detail, and _ physical 
properties determined after such treatment. A detailed 
study is reported of a stainless steel containing approxi- 
mately 17.50 per cent chromium and 5.00 per cent nickel 
capable of being hardened in solid CO, (dry ice), in which 
is included the determination of critical points. The prac- 
tical application of such alloys is suggested since they may 
be hardened without discoloration of surface, developing 
unusual physical properties and corrosion resistance as 
well as improved machinability. A brief study 1s also re- 
ported upon high-nickel and Iigh-nickel-molybdenum 
alloys. 


INTRODUCTION 


. YNSIDERABLE data have been published in recent years upon 
the subject of austenite and the so-called austenitic steels. Work 
in this field has been due largely to the necessity of studying a number 
of commercial austenitic alloys, principally the non-corrosive 
chromium-nickel types and the Hadfield 12.00 per cent manganese 
steel. This work has resulted in the more or less arbitrary division 
of all steel alloys into two classes, first, the familiar class comprising 
the pearlitic and martensitic steels which are responsive to heat 
treatment, and which are magnetic in all conditions, and second, the 
less familiar class, the austenitic steels which are practically un- 
changed by heat treatment, remaining always virtually nonmagnetic. 
The first class is characterized by the well known critical points 


A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The authors are members of the 
society and are associated with the metallurgical laboratories of the Carpenter 
Steel Co., Reading, Pa. Manuscript received May 29, 1931. 
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susceptible to heat treatment. In the latter class of steels, however, 
it is popularly supposed that the added elements have either de 


occurring between room temperature and solidus line, making the: 


pressed the critical points considerably below atmospheric tempera- 


ture, or have made the steel so sluggish that transformations ar 


e 
A 


prevented at the usual temperatures. These steels are therefore 
characterized by the absence of critical points within the limits oj 
temperature ordinarily attained, thus making them impossible to heat 
treat. 

Between the two classes of steels just discussed, there must be 
a “borderline” class containing sufficient alloy to depress the trans- 
formation point below room temperature, yet not sufficient to pre- 
vent transformation if cooled to a sufficiently low temperature. 
Stated in practical terms, these alloys are capable of being hardened 
by the simple expedient of cooling to a low temperature, and since 
most of them are irreversible, having their A, points in the vicinity 
of 600 degree Cent., (1110 degrees Fahr.), once hardened, they re- 
main stable at ordinary temperatures. The investigation of the 
properties and behavior of this unique class of alloys affords a most 
fascinating study, not only in its academic aspects, but from a prac- 
tical stand point as well, since there appears to be a rather potential 
field for their application, particularly in the case of those alloys 
possessing corrosion resisting properties. 

It is the purpose of the present paper to report upon the deter- 
mination of some of the more important characteristics of several of 
these alloys. It is hoped that these results will suggest further work 
to add to our store of kncowledge, not only of this particular group 


of alloys, but of the more general problem of austenitic transforma- 
tion. 


Previous Work 


The determination of critical points below room temperature 


and consequent hardening by supercooling is not new. As early as 
1914 Chevenard' determined the A, point in a 32 per cent nickel steel 
at —125 degrees Cent. (—193 degrees Fahr.) Broniewski? in 1920 
patented a method based upon Osmond’s earlier work, for super- 






1Chevenard, Revue de Metallurgie, Vol. 11, 1914, p. 841. Also ‘“‘Invar and Related 
Nickel Steels,”’ U. S. Bureau of Standards, Circular No. 58, 1916, p. 35. 


*Witold Broniewski, “Superficial Hardening of Certain Special Steels,’”’ French patent 
503113, Patents March 9, 1920. 















t be 
ans- 
pre- 
ure. 
ned 
nce 
lity 
re- 
the 
Ost 


aC- 


e 













OF STEELS 503 





COLD TREATMENT 






Gcially hardening several austenitic steels by cooling rapidly to low 
temperatures. Mathews®, Sykes and Jeffries‘, Harder and Dowdell® 





and Honda and Iwase® have all studied the transformation of retained 





austenite in tool steels by cooling in liquid oxygen. 





Apparently, however, no large amount of systematic work has 
PI 7 g 4 





been done upon the determination of actual critical ranges, nor have 





any practical applications of cold treatment been made. 
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Fig. 1—Hardness and Structure of 
Steels Containing Approximately 17.50 
Per Cent Chromium and _ Varying 
Amounts of Nickel Treated as Shown. 





















PHYSICAL PROPERTIES OF THE CHROMIUM-NICKEL TYPES 








The most fruitful types for investigation in this field are steels 
containing approximately 0.10 per cent carbon, 18.00 per cent chro- 





mium, with nickel contents varying up to 8 per cent. This range 





comprises the steels patented by Benno Strauss. Fig. 1 shows graph- 





ically the hardness values and structures obtained upon a series of 





pieces approximately 1 inch in diameter, varying in nickel from 0.65 





up to 9.75 per cent, after cooling at three different rates from 1100 
degrees Cent., (2010 degrees Fahr.) and after brine quench- 
ing from 1100 degrees Cent., subsequently annealing at 750 
degrees Cent. (1380 degrees Fahr.). It will be noted that up 
to a content of 4.00 per cent nickel, the steels are pearlitic or 


















3J. A. Mathews, ‘“‘Decomposition of Retained Austenite,’”’ TRraNsactions, American 
Society for Steel Treating, Vol. VIII, 1925, p. 565. 








‘W. P. Sykes and Zay Jeffries, ‘On the Constitution and Properties of Hardened Steel,” 
[RANSACTIONS, American Society for Steel Treating, Vol. 12, 1927, p. 871. 








5QO. E. Harder and R. L. Dowdell, ‘‘Decomposition of Austenite in Liquid Oxygen,”’ 
PRANSACTIONS, American Society for Steel Treating, Vol. 9, i927, p. 391. 













*Kotaro Honda and Keizo Iwase, ‘Decomposition of Austenite in Liquid Air,” Tran- 
SACTIONS, American Society for Steel Treating, Vol. 9, 1927, p. 399. 
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martensitic, responding to heat treatment in the usual way. Aboy 
5 per cent nickel, however, it is not possible to harden the alloys 
by any of the treatments noted, the resulting structure in ever) 
case being austenitic. The steels containing approximately 5 
per cent nickel obviously represent the borderline alloys already re 
ferred to, viz., those having an A, point slightly below atmospheric 
temperature. Series similar to this have already been published by 
Bain and Griffiths’ and more recently by Krivobok and Grossmann’. 
The first attempts to determine the depressed A, point were 
made by what will be hereafter termed the interrupted magnetic 
method. A test specimen 1 inch x % inch in section by 10 inches in 
length, having an iron-constantan thermocouple welded to the middle, 
was cooled first in iced brine and then in solid CO,, the first tempera- 
ture reached being about —7 degrees Cent., and the second about 
75 degrees Cent., (—103 degrees Fahr.) temperatures being re- 
corded on a potentiometer. No effort was made to control the rate 
of cooling, which was rapid in every case. As each temperature was 
reached, the bar was quickly transferred from the low temperature 
pack to a Fahy permeameter, and a permeability reading immediately 
taken for a magnetizing force of 200 Gilberts per centimeter. With 
the bar still in the permeameter, additional permeability readings 


Table |! 
Analyses of Chromium-Nickel Steels Used 


In Per Cent 
P 5 


Steel No. Cc Mn Si 


O 
Z. 


iN1 
l 0.13 0.52 0.41 0.011 0.014 17.55 4.13 
2 0.18 0.36 0.54 0.016 0.013 17.24 5.23 
3 0.11 0.52 0.41 0.011 0.012 17.66 5.99 
4 0.09 0.49 0.36 0.011 0.013 17.62 7.04 
5 0.10 0.27 0.38 0.022 0.004 17.62 4.03 
6 0.08 0.39 0.52 0.013 0.005 17.15 5.06 
7 0.19 0.14 0.27 0.010 0.009 17.23 4.73 
8 0.13 0.21 0.42 0.011 0.009 17.84 4.94 
9 0.16 0.19 0.53 0.011 0.011 17.57 4.97 
10 0.13 0.18 0.45 0.008 0.010 17.67 5.05 
11 0.13 0.14 0.55 0.011 0.011 17.52 5.10 
12 0.15 0.15 0.42 0.006 0.008 17.7 5.16 
13 0.08 0.51 0.98 0.009 0.017 17.95 5.24 
14 0.20 0.19 0.46 0.014 0.011 17.60 5.36 
15 0.22 0.10 0.52 0.008 0.011 17.27 5.54 
16 0.10 0.34 0.50 0.008 0.008 17.60 5.08 
17 0.11 0.39 0.60 0.010 0.010 18.27 9.20 









'E. C. Bain and W. E. Griffiths, ‘“‘An Introduction to Iron-Nickel-Chromium Alloys,” 
Transactions, American Institute of Mining and Metallurgical Engineers, Vol. 75, 1927, p. 
166. 





*V. N. Krivobok and M. A. Grossmann, “Influence of_ Nickel on the Chromium-Iron- 
Carbon Constitutional Diagram,”’ Transactions, American Society for Steel Treating, Vol. 
18, 1930, p. 808. 
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vere then taken at definite temperature intervals as the bar gradually 
heated to room temperature. Steels containing approximately 17.50 
ner cent chromium and 4.00, 5.00, 6.00 and 7.00 per cent nickel were 
tested in this manner, complete analyses of which are shown in Table 
|. Steels numbers 1, 2, 3 and 4. Briefly the results were as follows: 

The 4.00, 5.00 and 6.00 per cent nickel steels all showed a steady 
ind marked increase in permeability when cooled to successive tem- 


No? 






NO.2 


S2F4N (766%, Cr 7OB%N 762% 





(7 242.Cr 5.99% Ni 
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Fig. 2—-Hardness and Permeability ( - for H 200) of Four Steels of Different 


Nickel Content after Progressive Treatments. 


peratures under atmospheric, and this permeability remained con- 
stant as the bar returned to room temperature, indicating that the 
transformation was “irreversible”. Increases in permeability in every 
case were accompanied by increases in hardness. The 7.00 per cent 
nickel alloy showed no increase in permeability down to —75 degrees 
Cent., (—103 degrees Fahr.) with no noticeable increase in hardness. 

To continue the experiment still further, the bars were next 
heated in increments of 100 degrees Cent. to temperatures up to 800 
degrees Cent., (1470 degrees Fahr.) permeability and hardness de- 
terminations being taken after returning to room temperature in 
each case. Complete results on these four alloys, starting at room 
temperature, then going down to —75 degrees Cent., (——-10 degrees 
ahr.) returning to room temperature and going to the successive 
elevated temperatures, are shown graphically in Fig. 2. 

It is obvious from the graphs that the 4.00 and 5.00 per cent 
nickel steels are the most responsive to cold treatment, and the pos- 
sibility of obtaining a very appreciable pick-up in Brinell hardness 
by cold treatment, particularly in the 5.23 per cent nickel steel is at 
once apparent. It is interesting to note that the peak in the perme- 
ability curve is passed at about 600 degrees Cent., (1110 degrees 
Kahr.) which probably marks the A, point. 
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Table Il 
Physical Properties of Steel No. 5 Containing 17.62% 







Cr-4.03% 





Ni After Treatments Shown 





Quenched from 1090° C. (1995° F.) and cold treated ae Ve. 8 112° F.), and dra 
Elastic Limit 
0002” Ultimate Red. Izod Ma 
Zero P. L. Off Tensile Elong. ot Valueschin- Bri 
g 
Lbs. Per Lbs. Per Lbs. Per in 2” Area Ft. ability nell Bmax  Specif 
lreatment Se. in. Se. in. Sea. in. % % Lbs. R.P.M. No. H-300 Volun 
As Quenched 27,500 45,000 211,000 6.8 9.6 34-34 120 401 8740 .1291 
CF 80° C, 42,500 65,000 207,400 3.7 5.8 29-31 120 418 10040 .12949s 
Draw 200° C, 60,000 85,000 203,000 10.3 19.2 64-65 120 401 10540 .1292 
Draw 400° C. 87,500 122,000 209,900 17.4 64.1 46-46 120 435 10540 .12924¢ 
Draw 600° C. 47,500 60,000 140,000 19.7 57.5 64-67 160 278 9440 .12905 
Draw 800° C. 33,100 43,300 174,000 15.4 55.9 16—13 160 330 11840 .12957 
Quenched from 1090° C., and drawn, without cold treatment. 
Draw 400° C. 52,500 92,500 188,300 19.5 55.8 83-85 120 402 9600 .12923 
Draw 500° C. 42,500 80,000 190,600 22.9 65.2 69-76 160 387 10000 .129264 
Draw 600° C 45,000 62,500 152,300 16.0 52.4 45-35 221 302 11800 .129529 
As rolled and cold treated, and drawn. 
As rolled 37,500 52,500 141,400 1.8 3.5 30-24 120 402 7800 = .128801 
a 80° C. 40,000 70,000 149,300 1.2 3.9 24-16 8&8 444 8300 12896: 
Draw 400° C. 82,500 102,500 187,400 3.7. 11.1 24-26 $8 402 8800 .128869 
Draw 500° C. 60,000 72,500 177,800 11.6 29.8 27-27 88 364 11900 .129382 
Draw 600° C. 37.500 55,000 150,000 15.9 44.9 41-40 160 302 11100 .129177 
As rolled and drawn, without cold treatment. 
Draw 400° C. 47,500 92,500 186,700 8.0 13.0 36-29 160 402 8700 .128809 
Draw 500° C. 42,500 72,500 196,800 13.9 21.6 39-35 160 375 8800 .128745 
Draw 600° C. 40,000 57,500 158,500 10.6 26.1 51-34 160 321 12600 .129401 



















The work up to this point therefore indicated the possibility 
of developing a stainless chromium-nickel steel of the austenitic 
type which could be changed from the austenitic to the martensitic 
state at will, and vice versa. The advantages to be gained in such an 
alloy would be, first, the possibility of hardening without scale or 
even discoloration, second, the possibility of changing the austenitic 
alloy into a partially martensitic or even troostitic condition so as to 
improve its machinability, later changing back to the austenitic con- 
dition if desired, and third, the ability to harden the austenitic alloy 
by a method which does not involve cold working as is usually prac- 
ticed. With these general points in mind, a complete study of the 
physical properties was made of two analyses, one containing 4.03 
per cent nickel and the other 5.06 per cent nickel, complete analyses 
of which are given in Table I, Steels 5 and 6. 

Some of these were cold treated at —80 degrees Cent. (—112 
degrees Fahr.) and drawn from the hot-rolled condition, while others 
were given a preliminary brine quench from 1090 degrees Cent. In 
both cases tests were made for comparison upon similar specimens 
not cold-treated. Cooling rate was maintained at about ten degrees 
centigrade per minute. 
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Table Ill 


Physical Properties of Steel No. 6, Containing 17.15% Cr and 5.06% Ni 
After Treatments Shown 





yuenched from 1090° C. (1995° F.) and cold treated at 80° C. (—112° F.), and drawn 
Elastic Limit 
.0002” Ultimate Red. Izod Ma 

ZeroP.L. Off Tensile Elong. of Values chin- Bri 
Lbs. Per Lbs. Per Lbs. Per in 2” Area Ft. ability nell Bmax Specific 
Treatment Sa. in. Se. in. Se. in. % q Lbs. R.P.M. No. H-300 Volume 
As quenched 20,000 22,500 194,500 17.0 22.6 91-93 120 277 3540 .127700 
Cc. T. —g0° C 35,000 72,500 231,200 8.4 9.6 32-32 88 444 9240 .129171 
Draw 400° C. 50,000 100,000 208,000 19.8 64.3 81-77 160 444 9970 .129040 
Draw 500° C. 47,500 82,500 187,200 20.6 65.8 78-75 221 387 10940 .128709 
Draw 600° (¢ 47,500 65,000 153,600 19.4 55.9 62-56 221 321 8270 .128805 





Quenched from 1090° C. and Drawn, without Cold Treatment. 


Draw 400° C. 20,000 22,500 173,500 17.5 21.3 104-111 160 262 3370 = .127563 
Draw 500° C. 20,000 25,000 171,500 23.6 37.2 112-116 160 269 4040 .127893 
Draw 600° C. 15,000 22,500 160,900 19.0 34.1 66-62 160 311 7240 .128437 
As rolled and cold treated 80°C., and drawn. 

As rolled 22,500 32,500 141,800 5.1 7.7 30-29 120 293 2700 .127310 
C= 28 ©. 37,500 57,500 175,700 2.4 4.3 12-10 120 430 7040 .128443 
Draw 400° C. 50,000 75,000 200,000 5.1 9.6 10-7 120 444 7840 .128545 
Draw 500° C. 22,500 42,500 188,300 7.3 9.2 13-9 160 387 9540 .128652 

‘aw 600° C. 17,500 45,000 158,900 14.1 34.3 20-16 221 321 8500 .128819 











cold treatment. 





As rolled and drawn, without 





Draw 400° C, 22,500 30,000 143,200 8.5 11.5 39-37 160 277 2700 = .127130 
Draw 500° C. 20,000 37,500 157,200 10.0 24.1 14-14 160 293 3240 .127400 
» 600° C. 30,000 42,500 166,100 7.5 10.4 17-14 160 332 9240 .128773 





Complete results of tests are shown in Tables II and III. The 


tensile specimens used were the standard 0.505 inch section, threaded 
end, treated in a 0.530 inch diameter section. Elastic limit was de- 
termined by the release load method, the “Zero P. L.” figure being 
the highest stress possible without showing a set after release, and the 
“0.0002 off’’ figure being the highest stress possible without showing 
a stretch of more than 0.0002 inch in 2 inches. Izod tests were 
made upon square specimens, with a standard notch, and were broken 
on a 120-foot pound machine. 

Machinability determinations were made as follows: 

Specimens ™% inch round in each condition were set up in a 
lathe and machined with a 34 inch square high speed tool bit having 
a rake angle of 16 degrees and a face angle of 15 degrees, a side 
angle of 8 degrees and a radius of ;¢ inch on the nose. Maximum 
lathe speeds permissible in revolutions per minute to produce a 
smooth finish on the specimen without undue wear or galling of the 
tool were recorded. The test length was 4 inches, the depth of cut 
was % inch on the diameter, and the cross feed 0.007 inches per 
revolution. 
Brinell hardness determinations were made upon a flat, ground 
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Fig. 4—Physical Properties of Steel Containing 17.15 Per Cent Chromium and 5.06 Per 
Cent Nickel. Chart No. 8, as Rolled. Chart No. 9, as Rolled, Followed by Cold Treating. 
Chart No. 10, Brine-Quenched from 1090 Degrees Cent. Chart No. 11, Brine-Quenched 
from 1090 Degrees Cent. and Cold-Treated. Plotted from Data shown in Table III. 
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were tested at a magnetizing force of 300 Gilberts per centimeter. 
Specimens for specific volume were one centimeter square and 2.7 
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centimeters long, weighing approximately 22 grams. Determinations 
were made in the usual manner. Specimens were ground and fin- 
ished on 0O-French emery all over, and were then cleaned with pe- 
troleum ether. Weights were obtained in air and water, using brass 
weights on a Troemner analytical balance having a sensitivity of 0.1 
milligram with a 200 gram load. Corrections were made for loss of 
i 
ways submerged to the same depth. All tests were made with dis 
tilled water and steel at a temperature of 20 degrees Cent. 


weight of the wires used for suspension. Wires so weighed were al 


Figs. 3 and 4+ show graphically the tensile, Izod and machina 
bility values given in Tables II and III, while Fig. 5 shows Brinell 
hardness, permeability and specific volume results. 

In general the results indicate clearly that the 4.03 per cent 
nickel alloy is only slightly responsive to cold treatment, due pre- 
sumably to the fact that the preliminary treatments leave it largely 
in the martensitic condition. The 5.06 per cent nickel alloy, how- 
ever, shows a marked change in physical properties upon cold treat- 
ment, in the direction indicating austenitic transformation. The 
lower graphs in Fig. 5 are quite interesting in this respect, showing 
the surprising increase in Brinell hardness from 277 up to a max- 
imum of 444, with a corresponding marked increase in volume and 
inagnetic permeability. 

Attention is called particularly to the comparison in behavior 
between specimens which were cold-treated before the draw, and 
those which were not cold-treated, but given the drawing treatment 
only. The Jatter show no increase whatever in hardness, and, as 
would be expected, no increase in permeability nor volume, remain- 
ing practically austenitic. 


Table IV 
Tensile Tests at Elevated Temperatures For Steel No. 6 








Containing 17.15% Cr—5.06% Ni—Brine Quenched from 1090° C., Cold Treated —80° C. 
(—112° F.) and Drawn at 500° C. (930° F.) 


Proportional Limit Ultimate Tensile Elong. Reduction 

Treatment Lbs./sq. in. Lbs. /sq. in. in 2” % of Area % 
Tested at 200° C. 115,000 147,300 18.6 64.5 
Tested at 300° C. 115,000 142,500 17.0 62.6 
Tested at 400° ¢ 95,000 132,000 16.0 63.5 
Tested at 500° ( 65,000 117,500 16.2 63.3 











No cold treatment before drawing at 500° C. 
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Fig. 5—Specific Volume, Brinell 
after Various Treatments. Chart No. 


Steel No. 5 As-rolled and Drawn, Compared 
Chart No. 14, Steel No. 5 Quenched at 
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Hardness and Permeability of Steels Nos. 5 
17.62 Per Cent Chromium, 4.03 Per Cent 
with same Steel Cold-treated and Drawn 


Degrees Cent. and Drawn. Compared 


Drawn. Charts Nos. 15 and 16. Same as 
Per Cent Chromium and 5.06 Per Cent Nickel 


16 of Hardness and Permeability in 
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Of practical interest are the excellent physical properties shown 
in Table III for the bar quenched, cold-treated and drawn, suggest- 
ing the use of this analysis in springs or shock resisting parts. The 
Izod values of 77 and 81 foot-pounds obtained on this treatment 
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Fig. 6—Tensile Tests at 
Elevated Temperatures on 
Steel No. 6 Containing 5.06 
Per Cent Nickel After Vari- 
ous Treatments. Plotted from 
Data Given in Table IV. 
































are particularly noteworthy. The improvement noted in machining 
characteristics after the treatment appears to have interesting pos- 


sibilities. 








In order to obtain some general information on the adaptability 
of the 18.00 per cent chromium 5.00 per cent nickel analysis to high 
temperature work, a few tensile tests were made at elevated tempera- 
tures upon specimens brine-quenched, cold-treated to —80 degrees 
Cent. (—112 degrees Fahr.) and drawn at 500 degrees Cent. (930 


degrees Fahr.). These are shown in detail in Table IV, and graph- 
ically in Fig. 6. 



















Figs. 7 to 11 inclusive show typical microstructures correspond- 
ing to the various treatments for the two steels shown in Tables 
II and III. 

All the specimens were etched in aqua regia and glycerine. The 
aqua regia was composed of three parts concentrated hydrochloric 
acid and one part concentrated nitric acid. Forty parts of this solu- 
tion were used for sixty parts of glycerine. Micrograph A of Fig. 
7 shows a structure characteristic of the 5.06 per cent nickel-17.15 
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Fig. 7—-Steel Containing 5.06 Per Cent Nickel, 17.15 Per Cent Chromium. A——As 
rolled; B-—As-rolled and Cold-treated 80 Degrees Cent.; C—As-rolled Cold-treated —80 
Degrees Cent., Drawn at 400 Degrees Cent.; D—As-rolled, Cold-treated —80 Degrees Cent., 
Drawn at 500 Degrees Cent. All Micrographs x 1000—Etched in Aqua Regia and 
Glycerine. 


ER 


per cent chromium alloy in the rolled condition. The second-order 
grains are usually quite well-defined and contain distinctive cleavage 
plane configurations. B of Fig. 7 shows little change after cold 
treating with the exception of fine acicular markings in many of the 
grains. In C and D the martensitic markings nearly cover the entire 
area within the grains. In Fig. 8, micrograph A, the martensite is 
completely broken to ferrite and a dark sorbitic-like constituent. 
If micrograph B, Fig. 8, of the rolled specimen drawn at 400 degrees 
Cent. (750 degrees Fahr.) without the cold treatment be compared 
to micrograph C, Fig. 7, the effect of cold treatment followed by 
drawing will be evident. In C, Fig. 7, the martensite is rather well 
developed, while B, Fig. 8, is not unlike A, Fig. 7, which is in the 
as-rolled condition. A like comparison may be drawn between C, 
Fig. 8, and D, Fig. 7. Micrograph D, Fig. 8, which was drawn at 
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Fig. 8—Steel Containing 5.06 Per Cent Nickel, 17.15 Per Cent Chromium. A—As e 
rolled, Cold-treated 80 Degrees Cent., Drawn 600 Degrees Cent.; B—As-rolled, Drawn at Ps 
+00 Degrees Cent.; C—As-rolled, Drawn at 500 Degrees Cent.; D—As-rolled, Drawn at * 
600 Degrees Cent. All Micrographs x 1000—Etched in Aqua Regia and Glycerine ; 
, . , : 
600 degrees Cent. (1110 degrees Fahr.) without cold treatment , 
shows only a small amount of the sorbitic constituent which com 
posed at least 75 per cent of A, Fig. 8, which was cold-treated before 
drawing at 600 degrees Cent. (1110 degrees Fahr.). These sorbitic 
nodules probably represent the total amount of martensite present 
in the specimens as rolled, which has now been broken down in draw- 
ing. Micrograph A, Fig. 9, shows the structure peculiar to the 5.06 
7 
per cent nickel-17.15 per cent chromium alloy after brine quenching 


from 1090 degrees Cent. (1995 degrees Fahr.). The grain boun- 
daries are less distinct than in the rolled specimens and the cleavage 
planes more pronounced. Micrographs B, C and D, Fig. 9, show 


, 







the martensitic development and general darkening of the fields as 
the drawing temperature increases. Micrograph A, Fig. 10, after 
water quenching at 1090 degrees Cent., (1995 degrees Fahr.) cold 
treating at —80 degrees Cent., (—112 degrees Fahr.) and drawing 
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Fig. 9—Steel Containing 5.06 Per Cent Nickel, 17.15 Per Cent Chromium. A—Water 
quenched from 1090 Degrees Cent.; B—-Water-quenched from 1090 Degrees Cent., Cold- 


treated 80 Degrees Cent.; C—Water-quenched from 1090 Degrees Cent., Cold-treated 
80 Degrees Cent., Drawn at 400 Degrees Cent.; D—Water-quenched from 1090 Degrees 
Cent., Cold-treated —80 Degrees Cent., Drawn at 500 Degrees Cent. All Micrographs 


1000. Etched in Aqua Regia and Glycerine. 


at 600 degrees Cent. (1110 degrees Fahr.) shows the formation of 
the sorbitic constituent as in A, Fig. 8, except that the ferrite patches 
are entirely absent here. Specimens quenched at 1090 degrees Cent. 
(1995 degrees Fahr.) and drawn at 400, 500 and 600 degrees Cent. 
(750, 930, 1110 degrees Fahr.) 


by micrographs B, 


without cold treatment represented 
C and D, Fig. 10, show very little change in struc- 
ture when compared to quenched specimen A, Fig. 9. It is interest- 
produced in D, Fig. 10, 
1110 degrees 
This supports the view that in the 


ing to note, however, that no sorbite was 
which was quenched and drawn at 600 degrees Cent. 
Fahr.) with no cold treatment. 
rolled condition there was a small amount of martensite developed 
due to the atomic 


on the mill. 


agitation produced by low finishing temperature 


This martensite later broke down to sorbite during 


drawing as shown in D, Fig. 8. The entire absence of sorbite in D, 
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Fig. 10—-Steel Containing 5.06 Per Cent Nickel, 17.15 Per Cent Chromium. A 

Water-quenched 1090 Degrees Cent., Cold-treated —80 Degrees Cent., Drawn 600 Degrees 
Cent.; B—Water-quenched 1090 Degrees Cent.; Drawn 400 Degrees Cent.; C—Water 
quenched 1090 Degrees Cent., Drawn 500 Degrees Cent.; D-—Water-quenched 109% 
Degrees Cent., Drawn 600 Degrees Cent. All Micrographs * 1000. Etched in Aqua Regia 
and Glycerine. 


Fig. 10, undoubtedly shows that the alloy was fully austenitic after 
quenching at 1090 degrees Cent. (1995 degrees Fahr.). All of the 
martensite that was present due to cold finishing had been entirely 
converted to austenite and retained as such by the quenching. It 
naturally follows that without cold treating, no martensite was pro 
duced that might subsequently be broken down to sorbite when drawn. 
However the existence of an A, at approximately 600 degrees Cent. 
(1110 degrees Fahr.) whether or not the steel was cold treated will 
be discussed later. 

The micrographs of the 4.03 per cent nickel-17.62 per cent chro- 
mium alloy given in A and B of Fig. 11 show the presence of fer- 
rite in both the rolled and quenched condition. Cold treating has 
little effect on this alloy since its critical points are sufficiently above 
room temperature for it to be in the martensitic condition as rolled. 
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Fig. 11—Steel Containing 4.03 Per Cent Nickel, 17.62 Per Cent Chromium. A 
Water-quenched 1090 Degrees Cent., Cold-treated —80 Degrees Cent., Drawn at 600 Degrees 
Cent.; B—As-rolled, Cold-treated —80 Degrees Cent., Drawn 600 Degrees Cent. All Micro- 
graphs X 1000. Etched in Aqua Regia and Glycerine. 


Quenching likewise does not suppress the transformation to such an 
extent that martensite is not present at room temperature. 

It is interesting to note in passing that the presence of 0.08 to 
0.10 per cent carbon is necessary in 5.00 per cent nickel alloys to 
prevent the formation of ferrite. For instance, an alloy analyzing 
5.09 per cent nickel-17.35 per cent chromium with only 0.05 per cent 
carbon contained considerable amounts of ferrite as rolled. How- 
ever it is materially decreased by brine quenching from 1090 degrees 
Cent. (1995 degrees Fahr.). This low carbon alloy had a hardness 

340 Brinell as rolled and 332 Brinell as quenched from 1090 de- 


grees Cent. (1995 degrees Fahr.). Nevertheless, it was found to be 
susceptible to cold treatment. A ciendie’ specimen showed a Brinell 
401 after cold treating at —80 degrees Cent., (—112 degrees 


Fahr.) and drawing at 100 degrees Cent. From the high hardness 
obtained as forged and as quenched, it is possible that small varia- 
tions in carbon exert an important influence on the position of the 
wholly austenitic field and the mixed structure field composed of 
martensite and austenite. 

Salt spray tests were made upon specimens in the various con- 
ditions shown in Tables II and III. The specimens measured 34 inch 
in diameter with a cone having an apex angle of sixty degrees. Speci- 
mens were finished first with a file, and then with Three Mite 120, 
followed by 150 grain emery cloth, and were exposed to a 5 per cent 
salt spray for 120 hours. Results are shown in Figs. 12 and 13. 
In general the 5.06 per cent nickel steel is more resistant to salt 
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Fig. 12—-Salt Spray Tests on Steel No. 15 Containing 4.03 Per Cent Nickel 
Per Cent Salt Spray 100 Hours. Physical Properties Corresponding to These Tests a 
Shown in Table II. 
17—Quenched at 1090° C., no cold treatment, drawn at 400 
18—Quenched at 1090° C., no cold treatment, drawn at 500 
19—Quenched at 1090° C., no cold treatment, drawn at 600 
20—As-rolled. 
21—As-rolled and cold-treated at —80 j 
22—As-rolled and cold-treated at 80° C., drawn at 400 
23—As-rolled and cold-treated at 80° C.. drawn at 500 
24—-As-rolled and cold-treated at 80° C., drawn at 600 
25—As-rolled, no cold-treatment, drawn at 400° C. 
26—As-rolled, no cold-treatment, drawn at 500° C. 
27—-As-rolled, no cold-treatment, drawn at 600° C. 


spray corrosion than the lower nickel. With the 5.06 per cent nickel 
it 1s noteworthy that while in the pieces quenched before the cold 
treatment, corrosion does not start until a drawing temperature oi 
600 degrees Cent. is reached, in those cold-treated without the pre- 
liminary treatment it is not safe to draw over approximately 400 
degrees Cent. (750 degrees Fahr.). This seems to indicate an in- 
crease in corrosion resistance resulting from the preliminary quench 
Later tests made for 100 hours in 20 per cent salt spray checked 
the results obtained in 5 per cent salt spray. 

The work thus far had demonstrated the possibility of improv- 
ing the physical properties of the chromium-nickel alloys by cold 


treatment, indicating an optimum at approximately 5 per cent nickel 


However a few experiments with steels slightly higher than 5 per 
cent indicated that the nickel limits for best results when cooling to 
80 degrees Cent. (—112 degrees Fahr.) in dry ice, were rather 
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Fig. 13—Salt Spray Tests on Steel No. 6, Containing 5.06 Per Cent Nickel. Five Per 
Cent Salt Spray 100 Hours. Physical Properties Corresponding to These Tests are Shown 


Table IIL. 


Quenched at 1090° C. 
Quenched at 1090° C., cold-treated —80° C. 
Quenched at 1090° C., cold-treated 80° C., drawn at 400° C 
Quenched at 1090° C., cold-treated — 80° C., drawn at 500° C 
Quenched at 1090° C., cold-treated —80° C., drawn at 600° C 
; ' E Quenched at 1090° C., no cold-treatment, drawn at 400° C. 
nt nickel 2 Quenched at 1090° C., no cold-treatment, drawn at 500° (¢ 
; 4 8—Quenched at 1090° C., no cold-treatment, drawn at 600° C 
the cold ; As-rolled. 
‘ As-rolled, cold-treated ae" <.. 
rature ol As-rolled, cold-treated 80° C., drawn 400° C 
As-rolled, cold-treated — 80° C., drawn 500° C. 
the pre- 3—As-rolled, cold-treated —80° C., drawn 600° C. 
, -As-rolled, no cold-treatment, drawn at 400° C. 
itely 400 : 5—As-rolled, no cold-treatment, drawn at 500° C. 
. : -As-rolled, no cold-treatment, drawn at 600° C. 
te an in- 
y quench. » uarrow. It therefore seemed desirable to accurately determine the 
rhecked ein . ‘ie ee 
checked maximum nickel content allowable. Since all the cooling treatments 
up to this time had been conducted without attention to cooling rate, 
Improv- it also appeared desirable to determine the A, and A, points, and to 
— } ° o ° ° . . 
by cold study the influence, of cooling rate upon their location. Conse- 
nt nickel. quently further work was laid out to investigate the following points : 
an J) per 
ooling to a—Influence of small variations of nickel upon response to 


re rather cold treatment. 
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Fig. 14—Assembly and Section of Cold Muffle Showing Thermocouples in Plac« 


b—Location of A, and A, points. 

c—Influence of rate of cooling upon location of the A, point. 

d—Effect of element of time upon results of treatment. 

e—Effects of lower temperatures than —80 degrees Cent. (—112 
degrees Fahr.) as commercially attainable with dry ice. 


In order to obtain the controlled cooling and accurate temper- 
ature measurement essential to the study of these factors, it was 
necessary to devise, first, a container capable of maintaining low tem- 
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Fig. 15—Characteristics of Bis- 
muth-tellurium Couple as Compared 
to Iron-constantan Through the Range 
of 10 to 80 Degrees Cent. 


peratures within close limits, and second, a thermocouple of greater 
accuracy at the low temperatures than those commonly available. 
The container took the form of a low temperature muffle as shown 
in Fig. 14. 

The construction of this muffle was extremely simple. It merely 


consisted of a wooden box approximately 14 x 14 x 21 inches, with 
holes cut in the ends to allow the insertion of a 3-inch wrought iron 
pipe. A rectangular tank, 11 x 11 x 16 inches of galvanized sheet 
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, iron was placed in the box and surrounded on all sides and the bot- 
tom with a 2-inch layer of tightly packed asbestos fiber. The wrought 
iron pipe after insertion was soldered to the tank. The pipe had 
been previously drilled on one side and 1-inch nipples welded over 


the holes. Short lengths of pipe were then screwed in the nipples 
for thermocouple wells. A sliding wooden door was made at one 


» end of the muffle. The other end contained a damper. With this 
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Fig. 16—Detail of Cold Junction Construction of Bismuth-tellurium 
Couple Using One Annular Element and One Cylindrical Element. 

Fig. 17—-Detail of Cold Junction Construction of Bismuth-tellurium 
Couple Using Two Cylindrical Elements. 






system of ventilation, it was possible to keep the temperature to 

| degree Cent. throughout the whole temperature range of + 10 
to —80 degrees Cent. over periods as long as eight hours. When 
the apparatus was in use alcohol and acetone were added in sufficient 
amounts to completely cover the muffle. Solid CO, in small lumps 
was added gradually until the required temperature was _ reached. 
ven at very low temperatures the evolution of gas kept the liquor 
in constant motion which insured a uniform temperature. During 
operation the top of the container was covered with a \% inch thick 
asbestos board which could be raised from time to time to allow the 
additions of solid CO,. The apparatus as shown in Fig. 14 is ar- 
ranged for the treatment of bars for the interrupted magnetic test. 

Turning now tg the accurate measurement of sub-zero tempera- 
tures, this was a troublesome problem in the early stages of the work. 
The ordinary iron-constantan couple can be used by reversing the 
leads and calibrating the millivoltmeter. However this couple only 
generates 0.031 millivolts per degree centigrade between -++-10 and 
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80 degrees Cent. Obviously it could not be used except for rough 
estimates of temperature and could not be considered at all whep 
attempts were made to determine the A, points. Some use was made 
of toluene thermometers from +50 to —100 degrees Cent. (—148 
degrees Fahr.) and pentane thermometers for temperatures from 
1-50 to —200 degrees Cent. (—328 degrees Fahr.). The use of 


SSS 


Cod ef perforated 
gies fubing 


CE ee 


Hot Junct. 


3 I 
Fig. 19 Fig. 20 
Fig. 18—Detail cf Hot Junction, 3ismuth-tellurium Couple. 
Fig. 19—Details of Constant Temperature Cell for Hot Junction of Bismuth-telluriur 


Couple. 
Fig. 20—Assembly of Bismuth-tellurium Thermocouple. 


thermometers however was restricted since they were too sluggish 
to record small fluctuations in temperature and could not be used 
for the determination of critical points. 

The most satisfactory instrument for the measurement of tem- 
peratures from +20 to —180 degrees Cent. (—292 degrees Fahr.) 
is the bismuth-tellurium couple. The characteristics of this couple 
and other combinations with tellurium have been previously deter- 
mined by Lewitsky and Lukomsky® and Lange and Heller*®. A com- 
parison of the bismuth-tellurium couple with the iron-constantan 
couple is given in Fig. 15. With the hot junction at 23 degrees Cent., 
an 18-inch couple generated 0.180 millivolts per degree centigrade, 
thus generating about six times the electromotive force as the iron 
constantan couple. 

Two methods were employed in making couples. In one a glass 


°M. A. Lewitsky and M. A. Lukomsky, “Das Thermoelement Te/Bi und seine prak- 
tischen Anwendungen,”’ Physikalische Zeitschrift, Vol. XXX, 1929, p. 203. 


’B. Lange and W. Heller, “Tellur-Thermoelemente,” Physikalische Zeitschrift, Vol 
AXX, 1929, p. 419. 
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Chart No. 18—Brinell Hardness and Permeability of 4.94 


Steel No. 8) After Successive Treatments Shown. 
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Fig. 22, Chart No. 19—Brinell Hardness and Permeability of 4.97 Per Cent Nickel 
\lloy (Steel No. 9) After Successive Treatments Shown. 

Chart No. 20—Brinell Hardness and Permeability of 5.05 Per Cent Nickel Alloy 
(Steel No. 10) After Successive Treatments Shown. 


600 
Drawing Temp.°C 


tube with a ;%; inch bore was cast full tellurium. ‘This is an ex- 


tremely difficult procedure. such as 
drawing molten tellurium through a hot tube with a vacuum pump. 
However the tellurium element invariably cracked in several places 
On cooling. 


Various methods were tried, 


The most successful method was as follows: Tellurium 
was ground to pass a 100 mesh sieve, and a well annealed glass tube 
was filled with the powder. The low flame of a Bunsen burner was 
applied to the tube until the tellurium became molten. 

heating operation the tube was rotated and shaken gently. 


an element of tellurium of sufficient length was produced. 


During the 
Gradually 
The glass 

at one end of the element was cracked off by heating and plunging 

into water. The tellurium element was then placed in a ™% inch 
glass tube and bismuth ground to pass a 75 mesh sieve was packed 


around the element. The bismuth element was melted in the same 
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Fig. 23, Chart No. 21—Brinell Hardness and Permeability of 5.10 Per Cent Nick 
Alloy (Steel No. 11) After Successive Treatments Shown. 

Chart No. 22—Brinell Hardness and Permeability of 5.16 Per Cent Nickel Alloy 
(Steel No. 12) After Successive Treatments Shown. 
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Fig. 24, Chart No. 23—Brinell Hardness and Permeability of 5.24 Per Cent Nickel 
Alloy (Steel No. 13) After Successive Treatments Shown. 

Chart No. 24—Brinell Hardness and Permeability of 5.36 Per Cent Nickel Alloy 
(Steel No. 14) After Successive Treatments Shown. 


fashion as the tellurium. The glass at the end of the bismuth was 
cracked off by heating and plunging into water. The cold junction 
construction of a couple of this type is shown in Fig. 16. 

Couples were also made of separate elements of bismuth and 
tellurium and placed in steel tubes. The glass from one end of the 
elements was removed in the manner given above. The exposed ends 
were placed in a split steel mold and Wood’s metal cast around them. 
The cold junction of such a couple is shown in Fig. 17. The steel 
tube may be filled with paraffine or sealing wax to keep the elements 
in position. This type of couple is considerably less fragile than the 
first described. 

Hot junctions were made as shown in Fig. 18. Platinum leads 
were welded to the elements and incased in paraffine or sealing wax. 

The temperature control of the hot junction is extremely im- 
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ortant, since a rise of hot junction temperature of 1 degree Cent. 
will increase the reading 0.2 millivolts. However this character- 
stic is valuable when the magnification of readings is desired in a 
certain temperature range. The hot junction temperatures were con- 
trolled by means of a constant temperature cell shown in Fig. 19. 


This cell was made from an inverted 250 c. c. Erlenmeyer flask 


with holes cut in bottom and sides for thermometer, stirring rod 
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Fig. 25 Chart No. 25—Brinell Hardness and Permeability of 5.54 Per Cent Nickel 
Alloy (Steel No. 15) After Successive Treatments Shown. 

Fig. 26—Maximum Hardness, and Corresponding Permeability, of Series of Steels of 
Different Nickel Content. Brine Quenched 1090 Degrees Cent., Cold-treated 80 Degrees 
Cent., Drawn at 100 Degrees Cent. Permeability Determined for H 200. Compiled 
from Figs. 21 to 25 Inclusive. 


and element wires. The cell may be filled with water or oil. The 
elements were so arranged that the hot junction was well submerged 
in the bath. Heating was accomplished by a copper coil attached 
to a storage battery. The whole cell was wrapped in cotton. If 
gradual cooling was desired the cotton was wet with ether and 
natural evaporation allowed to take place. When rapid cooling was 
desired, the cotton was wet with ether, and air was blown through 
the perforated glass coil shown on the outside of the cell in Fig. 19. 
The bath was constantly kept in motion by means of a stirring rod. 
Complete assembly of the thermocouples is shown in Figs. 14 and 20. 

With the aid of the low temperature muffle and the bismuth- 
tellurium couple it was possible not only to regulate heating and 
cooling rates, but also to detect very slight thermal effects, so that 
this apparatus lent itself admirably to the study of the five factors 
already mentioned. These will now be discussed. 

a—Influence of Small Variations of Nickel upon Response to 
Cold Treatment: A series of nine steels containing approximately 
17.50 per cent chromium and ranging from 4.73 to 5.54 per cent 
nickel were made in 2-inch square ingots and forged to test bars 
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measuring 1 x ™%4 inch. Complete analyses are shown in Table |, 
Steels 7 to 15 inclusive. 
The bars were first quenched in brine from a temperature of 


1090 degrees Cent., (1995 degrees Fahr.) after which thev were 







Brinelled and then tested for permeability on a Fahy permeamete: 
using a magnetizing force of 200 Gilberts per centimeter. ‘hey 





were then given the following successive treatments, allowed to re- 






turn to room temperature after each treatment and tested for Srinell 
hardness and permeability : cold-treated at —80 degrees Cent., ( —112 


degrees Fahr.) cooling 2 degrees Cent. per minute; heated to tem- 












Fig. 27—Section of Apparatus 
Used in Determinatien of Magnetic 
Points by Method No. 2. 

















peratures from 100 to 700 degrees Cent. in steps of 100 degrees 
Cent., cooling in air in each case. Complete results upon the in- 
dividual steels are shown graphically in Figs. 21 to 25 inclusive. 
The effect of nickel content upon maximum hardness attained is 
shown in Fig. 26, in which the average permeability corresponding 
to the maximum hardness reading is also indicated. 

Attention is drawn to two features in connection with the re- 
sults shown in Figs. 21 to 25 inclusive. First, the maximum Brinell 
hardness is obtained in every case with a drawing temperature of 
100 degrees Cent. It is possible that this temperature corresponds 
to the final break-down of retained austenite, but if this is the case 
it is surprising that there is no corresponding increase in permea 
bility. Comparing hardness curves in Figs. 21 to 25 inclusive with 
that shown for the 5.23 per cent nickel steel in Fig. 2, Chart No. 2, 
it will be seen that these curves differ considerably, secondary hard- 


ening in the 5.23 per cent nickel steel occurring at a higher tempera- 








ture due probably to the faster cooling rate in cold treatment, with 
a consequent greater proportion of retained austenite. 

Attention is next called to the peak in the permeability curve 
occurring at approximately 500 degrees Cent. (930 degrees Fahr.). 
This will be referred to later in the discussion of critical points. 
Fig. 26 indicates that the maximum nickel content for effective 
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Fig. 28—Magnetic Points Determined by Method No. 2 Upon Six 


Alloys of Different Nickel Contents. 


hardening by cold treatment occurs at 5.10 per cent and that alloys 
ranging from 4.70 per cent nickel to 5.10 per cent nickel might be 
expected to develop similar physical properties, It might be re- 
marked that steel No. 6 containing 5.06 per cent nickel, upon which 
very complete test data are given earlier in the paper in Table IT] 
and accompanying diagrams, falls well within the optimum nickel] 
range, so that the physical results shown in Table IT] may be 
sidered as representative of the best practice known at the 
time. 


con- 


present 


b—Determination of A, and A, Points: It was hoped that it 
would be possible to determine both the A, and A, points by thermal 
methods. However the only thermal point possible to detect was an 
\, point found with the use of Bi-Te couples, which occurred below 
atmospheric temperature following a brine quench from 1090 degrees 
Cent. This point is probably A,’’, corresponding to the martensitic 
change in quenched carbon steel. 

All the points determined above room temperature were deter- 
mined by magnetic methods, two types of which were used. Since 
these points represent magnetic changes, to avoid pitfalls they should 
properly be referred to as Ac, and Ar,. The three methods used 
in the determination of critical points will be referred to as methods 
|, 2 and 3, and may be described as follows: 

Method No. 1—This is the thermal method, and since the meth- 
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ods for determination of thermal points are well known, this 
not be described in detail. 


ced 
The specimen used measured 1 inch jp 
diameter x 1% inches long, the bismuth-tellurium couple being im- 
bedded in a 3¢ inch diameter axial hole. Specimens were cooled at 
predetermined rates in the low temperature muffle. In most cases 
time-temperature curves were plotted. When difference curves wer 


desired, carbon steel was used as the neutral body. 
















Method No. 2—This is known as the continuous magnetic meth- 
od, employing a modification of the magnetic apparatus described by 
Sauveur. This method is based on the fact that all steels unless they 
be austenitic, undergo a transformation on heating and lose their 
magnetism at a certain temperature known as the A, point. The 
magnetism is usually regained at a point slightly below this on cool- 
ing. The assembly of the apparatus is shown in Fig. 27. A wrought 
iron bar parted in the middle to include a specimen was placed in 
an electric resistance muffle. The specimens were 1 inch in diameter 
and 1 inch long, not including the threaded projection at each end. 
The wrought iron bar was also 1 inch in diameter and of sufficient 
length to extend at least a foot from each end of the muffle. Wrought 
iron was chosen since the A, points of the alloys under discussion, 
as found by the interrupted method, were known to be below the A, 
point of iron. A solenoid composed of 200 turns of No. 18 D. C. C. 
copper wire wound on a fiber core connected through a key to a 
storage battery was used to magnetize the bar. 







Currents were in- 
duced in a secondary coil at the other end of the muffle composed of 









Table V 
Hardness of Specimens Used in Determination of Curve Shown in Fig. 32, by Interrupted 
Magnetic Method 


5.08% Nickel—17.60% Chromium—Steel No. 16—Specimens at Temperature Four Hours 
Taken to Temperature Slowly and Cooled Back to Room Temperature Before Testing 


Brinell Hardness 


Temperature Quenched at 1090° C. 


Temperature Brinell Hardness 
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Degrees Cent. Degrees Fahr. As Rolled (1995° F.) 
+20 +-68 285 269 
+10 +50 285 269 
+ 93 +41 293 269 

0 +32 293 277 

— § +23 341 363 
—_" +14 388 388 
—15 + 5 388 388 
—20 - 4 388 401 
— 30 -22 401 401 
— 40 — 40 401 418 
50 — 58 401 418 
—60 —76 491 418 
—70 —94 418 429 
— 80 —112 418 429 
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1500 turns of No. 27 S. C. C. copper wire. This coil was connected 
to a galvanometer so that quantitative data could be obtained. Dur- 
ing operation these coils were kept at 25 degrees Cent. by means of 


an electric fan. Specimens were heated and cooled at the rate of 4 
degrees a minute. When specimens entered the critical range, the 


NO. 28 
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Fig. 29—-Time-temperature Curves of 5.08 5 5 
Per Cent Nickel (Steel No. 16). No. 1— DOn¥ MV 
As-rolled; No. 2—Specimen of Curve No. 3, ee 
Returned to Room Temperature and Re- Fig. 30—Difference 
cooled; No. 3—Quenched from 1090 Degrees Curve Showing Ar” 
Cent.; No. 4—Specimen from Curve No. 2, Point on 5.08 Per 
Quenched at 1090 Degrees Cent.; No. 5— Cent Nickel Steel. 
Specimen Quenched at 1090 Degrees Cent. (Steel No. 16). 


magnetic flux decreased. When the end of the range was reached, 
the magnetic flux ceased to pass. This action of course was reversed 
on cooling. 

Method No. 3—This may be termed an interrupted magnetic 
method, and consists simply in determining the permeability of a 
standard magnet bar after various heatings and coolings. The method 
has already been referred to on page 504, and was used in obtaining 
the curves shown in Figs. 21 to 25 inclusive. 

Fig. 28 gives the location of Ac, and Ar, points determined by 
Method No. 2 upon six steels of varying nickel content. Five of 
these steels are also included in Figs. 21 to 25 inclusive, showing the 
location of the Ac, point by the interrupted method. To the latter 
series has been added a steel containing 5.08 per cent nickel, the com- 
position of which is shown in Table I as steel No. 16. 

Comparison of Fig. 28 with Figs. 21 to 25 inclusive will be 
found interesting. Completion of the magnetic change on heating 
is shown on both sets of curves at about 650 degrees Cent. (1200 
degrees Fahr.). 
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Fig. 31—Are and Aco 


; Points Upon 5.08 Per Cent Nickel Steel 
After Various Preliminary 


Treatments. 
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Fig. 32—Ar” Point in 5.08 Per Cent Nickel Steel as Determined by Method No. 
, ae omposite Critical Points on Steel No. 16 Through Treatment Cycle Shown. 











Since as already determined, a nickel content of 5.10 per cent 
appeared to be the optimum percentage for cold treatment, steel No. 
16 containing 5.08 per cent nickel was selected for the further study 
of critical points. Using Method No. 1, time-temperature cooling 
curves were first made upon specimens both in the “as-rolled” and 
in the quenched conditions, several determinations being made to 
determine the reproducibility of the method. Fig. 29 shows a curve 
on the rolled material, and three curves on the quenched material. 
[It will be seen from curves 3, 4 and 5, that checks within 1 degree 
Cent. are probably possible with this method. While no thermal 
point was found on the rolled specimen, a very marked point was 
found upon the quenched specimen at —6 degrees Cent., probably 


\,”’ as already suggested. Fig. 30 is a difference curve showing the 


same point, carbon steel having been used as the neutral body 
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Fig. 34—Time-temperature Fig. 35—Graph Showing De- 
Cooling Curves on Steel No. pression of Critical Point with 
16 Showing Effect of Cooling Increase in Cooling Rate. 
Rate Upon Position of Crit- 
ical Point. 
Ac, and Ar, points were determined, using Method No. 2, upon 
specimens which had been given the following preliminary treat- 


ments : 


As rolled, cold-treated at 80 degrees Cent. (—112 de- 
grees Fahr.). 

As rolled, cold-treated at —&80O degrees Cent., then heated 
to 800 degrees Cent. (1470 degrees Fahr.). 

As rolled, cold-treated at —80 degrees Cent., heated to 800 


4 degrees Cent., cold-treated at —8O degrees Cent. 
cent ; -As rolled, cold treated at —80 degrees Cent., heated to 800 
No. c degrees Cent., cold-treated at —-80 degrees Cent., again 
‘udy F heated to 800 degrees Cent. 


line BS ~ . : 

ling ; -—QOuenched at 1090 degrees Cent. in brine. 

and 

” ; Quenched at 1090 degrees Cent. in brine, heated to 

degrees Cent., and cold-treated at —-80 degrees Cent. 

irve 

rial. , ’ ; a. ios “ 

Resulting curves are shown in Fig. 31. The A,’’ point was 

oTee : * 

next determined by Method No. 3 upon both “as-rolled” and 

‘mal ; aT acta : 

quenched specimens, as shown in Fig. 32. 

was Le 

hI Specimens were cooled slowly to temperature, and held four 

ably ° ‘ . ; ‘ —— 
hours. Brinell hardness after various treatments is shown in Table 


the = s ; ; ey 
\. It will be seen that a sharp increase in permeability occurs at 
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Table VI 
Summary of Critical Points Upon Steels of Variable Nickel Content 




























Ac2 Ace Range Are Range Ar” Range 
Interrupted Continuous Continuous Interrupted Ay 
Magnetic Magnetic Magnetic Magnetic Therma] 
No Ni Cr Method No. 3 Method No. 2 Method No. 2 Method No. 3 Method 
7 4.73% 17.23% 536° C. 630/690° C. 680/620° C. 0/—60° C. —6°C 
8 4.94 17.84 510 600/680 670/600 0 60 nS 
9 4.97 37.50 520 610/680 660/610 5/—50 <— 7 
10 5.05 17.67 500 610/680 660/600 5 60 janis 
11 5.10 17.52 510 610/670 650/620 5/—60 at 
12 5.16 17.70 510 600/680 670/620 —5/—70 = 
13 5.24 17.95 510 600/670 650/600 0/—60 = 
14 5.36 17.60 None None None None None 
15 5.54 17.27 None None None None None 
16 5.08 17.60 510 600/680 660/600 0/—50 —6 


—5 degrees Cent., checking closely the thermal curves upon the 
same steels shown in Figs. 29 and 30. However the range through 
which transformation is taking place probably extends from 0 to 
—60 degrees Cent. (—/6 degrees Fahr.). 

From the foregoing data it was possible to construct the dia- 
grammatic treatment cycle shown in Fig. 33. This figure combines 
the results of the three methods, each point being marked with the 


Table VII 
Influence of Length of Time at 80° C. on Hardness and Permeability of Alloy No. 16 


5.08% Nickel—17.60% Chromium 
Brine-Quenched at 1090° C. (1995° F.) 


Time at —80° C. B . 
(—112° F.) Brinell Hardness li tor H-200 

.5 hrs. 341 38.3 

1.0 341 39.3 

1.5 352 39.3 
2.0 363 39.8 

5.0 388 40.3 
10.0 401 41.9 

9 


401 





number corresponding to the method by which it was determined. 
The horizontal length of the breaks is proportional to the strength 
of the throw, and consequently to the intensity of the change. It is 
interesting to note how the A,” point is intensified by the quench. 
The intensity of the Ac, change also appears to be dependent upon 
the intensity of the A,”’ preceding it. Critical points upon steels 7 
to 16 inclusive as determined by the three methods are given in 
Table VI. 

c—Influence of Rate of Cooling Upon A,’’: A series of seven 
time-temperature curves made at different cooling rates, in which 
temperature is expressed as millivolts, is given in Fig. 34. The rates 
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Table VIII 
Brinell Hardness After Liquid Air Treatments on Chromium-Nickel Alloys 





6 2 14 15 3 4 17 







Alloy No. 5 

nd Uae aa ee eRe RAED 4.03 5.06 5.23 5.36 5.54 5.99 7.04 9.20 
ee ee ee 17.62 17.15 17.24 17.60 7.27. 17.66 17.62 18.27 
Brine-quenched at 1090° C. ...... 418 286 286 171 185 255 241 116 
Cold-treated at Se Wee Snes 430 430 321 269 255 286 269 116 
Cold-treated and drawn at 100° C 430 430 321 269 255 286 269 116 
Cold-treated and drawn at 200° ¢ 418 418 321 269 255 293 269 121 
Cold-treated and drawn at 300° C. 418 418 302 269 241 277 269 121 
Cold-treated and drawn at 400° C. 418 418 302 269 241 277 269 121 
Cold-treated and drawn at 500° C 387 388 302 248 235 269 269 121 
Cold-treated and drawn at 600° (¢ 286 286 302 241 223 269 255 121 
Cold-treated and drawn at 700° C. 311 321 302 269 248 269 255 121 
Cold-treated and drawn at 800° C. 302 321 286 293 285 277 266 121 





vary from 0.06 millivolts per minute to 2.60 millivolts per minute 






1 degrees Cent. per hour to 16 degrees Cent. per minute). The 


{ 


depression of the critical point by rapid cooling is quite marked, and 






is shown logarithmically in Fig. 35. This is rather an important 





consideration in the practical treating of the alloy, since the change 







here is one from austenite to martensite, and suppression of the criti- 







Table IX 
Analyses of Iron-Nickel, Iron-Nickel-Silicon and Iron-Nickel-Molybdenum 
Alloys Investigated 


Per Cent 
S 





S 
Os 
- 
® 
@, 









No. GS Mn Si P Cr Ni Mo 
18 0.05 0.64 0.13 0.010 0.025 0.02 24.73 
19 0.05 0.57 0.15 0.010 0.026 0.03 26.78 
20 0.05 0.67 0.10 0.009 0.026 0.03 28.00 
’ 21 0.04 0.43 0.13 0.009 0.031 0.04 30.09 
i 22 0.10 0.24 1.46 0.009 0.026 0.03 25.91 
: 23 0.05 0.22 3.83 0.012 0.019 0.03 24.93 
4 24 0.16 0.27 3.91 0.011 0.021 0.15 24.97 
ie 29 0.06 0.14 3.40 0.011 0.027 0.11 24.47 
or 26 0.07 0.62 4.00 0.011 0.028 0.11 23.71 ial 
ie 27 0.12 0.15 0.11 0.013 0.020 0.03 24.95 4.02 














cal point results in an increased proportion of retained austenite, 





necessitating a higher subsequent draw in order to secure the desired 







slow rate such as that employed upon the alloys shown in Fig. 21 to 





Ae 
3 
; 
< 
es 
Eh 
1 hardness. Usually it will be found desirable to cool at a moderately 
y 


Fig. 25 inclusive., viz., 2 degrees per minute, in which case it is not 





necessary to draw above 100 degrees Cent. to secure maximum hard- 





i€Ss. 











% d—E ffect of Time Element: While cooling rate has an important 
% bearing upon martensite transformation, duration of time at the low 
r temperature also appears to have an important effect, particularly in 
j the fast cooled specimens. Table VII shows hardness and perme- 
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Table X 


Effect of Cold Treatment on Brinell Hardness of Nickel 











Ni-Si Included for Comparison 


Alloy No. 18 19 20 21 2 

CL: cacagenaeeeea dane based aeewe ce 0.05% 0.05% 0.05% 0.04% 0.05° 
NS > icici og toad & Seca aiy dae Ne as meta ie rae ay na ial an ‘emake & 

DUE (ad re ee ee oe eee 24.73 26.78 28.00 30.09 24.93 
PE ss a win be le hs Gis Gi @ le Sw % ade 163 121 89 95 16 

Cold-Treated 0 a, A See ee 293 321 302 255 418 
Cold-Treated 180° C., Drawn 100° C 321 302 293 255 418 
Cold-Treated 180° C., Drawn 200° ¢ 321 302 293 255 444 
Cold-Treated 180° C., Drawn 300° C. 302 302 293 255 460 
Cold-Treated 180° C., Drawn 400° C. 302 293 286 241 555 
Cold-Treated 180° C., Drawn 500° C 286 286 277 235 $12 
Cold-Treated —180° C., Drawn 600° ( 149 166 166 174 302 
Cold-Treated 180° C., Drawn 700° ( 143 140 131 126 149 
Cold-Treated —180° C., Drawn 800° ( 143 140 131 121 131 


ability figures upon specimens ™% inch round x 10 inches long, first 
brine-quenched at 1090 degrees Cent., (1995 degrees Fahr.) then 
cooled rapidly to —80 degrees Cent. (—112 degrees Fahr.) and 
held there for varying lengths of time. Cooling was done by im- 
mersing the specimen directly in a solution of acetone and dry ice, the 
low temperature probably being reached in less than 30 seconds. 

e—E ffect of Treatments at Temperatures Lower Than —80 de- 
grees Cent.: While —80 degrees Cent. (—112 degrees Fahr.) rep- 
resents the lowest temperature easily attainable on a commercial 
scale at the present time, it was nevertheless thought desirable to 
study the effect of lower temperatures such as those obtainable in 
liquid oxygen. Consequently eight steels ranging from 4.03 per cent 
nickel to 9.20 per cent nickel were brine-quenched from 1090 degrees 
Cent., cold treated to —180 degrees Cent. (—292 degrees Fahr.) in 
liquid oxygen and drawn at various temperatures. Hardness results 
are shown in Table VIII. Composition of Steel No. 17 is given in 
Table I. 

The specimens for this work measured 1 x 1% x 6 inches long, 
and were cooled directly in the liquid oxygen so that cooling was 
extremely rapid. Apparently nothing is gained in the 5.06 per cent 
nickel steel by going to the lower temperatures. Failure of the 
higher nickel steels to harden appreciably is noteworthy, although it 
should be noted that these steels showed greater gains in hardness 
after the liquid oxygen treatment than after the dry ice treatment 
as previously recorded, with the exception of alloy No. 17 contain- 
ing 9.20 per cent nickel. 
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Table XI 
Physical Properties of Nickel-Silicon Alloys Nos. 22 and 24 Cold-Treated in Liquid 


Oxygen to 180° C. (—292° F.) 













Alloy No. 22 









0.10 Per Cent Carbon—1.46 Per Cent Silicon—25.91 Per Cent Nickel 

; Reduc 

a E. L. .0002” Ultimate Elongation _ tion 

; Zero P. L. Off Tensile in 2” of Area srinell 

Treatment Lbs./sq. in. Lbs./sq. in. Lbs./sq. in. % % Hardness 
\s forged $5,000 2,500 97,000 18.7 68.2 182 
\s forged, cold-treated 
180° C. 37.500 52,500 207.400 14.4 4.5 401 

Brine-quenched at 1000° C. 12,500 15,000 86,600 $3.5 70.4 163 





Brine-quenched 1000° C., 










cold-treated 1360" € 30,000 $7,500 194,200 16.4 0.3 387 
Alloy No. 24 
.16 Per Cent Carbon—3.91 Per Cent Silicon-—24.97 Per Cent Nickel 
\s forged 45.000 52.500 100.400 19 3 68.6 187 
As forged, cold treated 
es... 32.900 50,000 211,500 6.3 11.9 418 
Brine-quenched at 1000° C. 12,500 17,500 88,800 55.7 71.0 163 
Brine-quenched 1000° C., 
cold-treated boo. 31,000 52,500 203,900 15.2 35.7 387 











Table XII 
Physical Properties of Nickel-Silicon Alley No. 23 After Cold Treating to 80° C. 
(—112° F.) 







Reduc- 





OVO bebe wee OORT 



















E. L. .0002” Ultimate Elongation tion 
Zero FP. Of Tensile in 2” of Area srinell 
Treatment Lbs./sq. in. Lbs./sq. in. Lbs./sq. in. % % Hardness 
; \s forged 35.000 50.000 108,400 47.4 63.3 163 
a As forged, drawn 400° C. 42.509 55.000 108.900 45 8 66.8 149 
a As forged, drawn 600° C, 32,500 40,000 1U8.860 12.6 63.0 149 
& \s forged, cold-treated 
. 3 80 ow 17,500 32.500 160.200 21.5 51.9 340 
ee \s forged, cold-treated 
bs 80° C. drawn 400° C. 35.000 15.000 169,800 17.0 40.3 375 
As forged, cold-treated 
80° C., drawn 690° C. 45,000 55,000 121,900 33.6 66.4 228 








Stupy oF I[RON-NIcKEL ALLoys, IRON-NICKEL-SILICON ALLOYS 
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AND I[RON-NICKEL-MOLYBDENUM 





lron-Nickel Alloys 










The effect of low temperatures on the physical properties of 
nickel steels has been studied by Chevenard’*. However these tests 






were made at —190 degrees Cent. (—-310 degrees Fahr.), and no 





observations are reported on change in properties after the nickel 





alloys returned to room temperature or after subsequent aging at 





higher temperatures. As previously noted, the circular of the Bureau 






NChevenard, Revue de Metallurgie, Vol. 19, p. 209. 
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Table XIII 








Brinell Hardness and Specific Volume of Nickel-Silicon Alloys Nos. 22 and 24 
Alloy No. 22 Alloy No. 24 
.10% C—1.46% Si 16% C—3.91% § 
25.91% Ni 24.97% Ni 
Brinell Specific Brinell Specifi 
Treatment Hardness Volume Hardness Volum: 
As forged 182 .128614 187 .12846 
As forged, drawn at 400° C. 179 .128575 187 12857 
As forged, cold-treated 180° C. 401 129156 418 .130018 
As forged, cold-treated 180° C. drawn 400° C. 514 .129146 512 .12940 
Brine-quenched at 1000° C. 163 .127496 163 .128268 
Brine-quenched at 1000° C., cold-treated —180° C. 387 .129545 387 132594 
Brine-quenched at 1000° C., cold-treated 
180° C., drawn 400° C. 514 .129184 512 .12929 









of Standards No. 58'* reports that the A, point of iron-nickel 
alloys containing over 25 per cent nickel falls below room tempera- 
ture, and that the A, point of a 31.99 per cent nickel alloy occurs at 

125 degrees Cent. (—193 degrees Fahr.). This circular also men- 
tions that a number of Chevenard’s alloys between 25.9 and 33.5 
per cent nickel were found to be permanently elongated after cool- 
ing to —253 degrees Cent. (—423 degrees Fahr.). 

From the results obtained on the cold treatment of the chro- 
mium-nickel alloys reported earlier in this paper, it was felt that the 
elongations reported by Chevenard were due to at least a partial 
transformation of austenite to martensite with the characteristic vol- 
ume change. In order to determine this point, the effect of cold 
treatment on the hardness of a number of nickel alloys containing 
from 24.73 to 30.00 per cent nickel was determined. Complete anal- 
yses of these alloys are given in Table IX. 

Tests were made on bars forged to 34 inch square. The Brinell 
hardness after cold treating by immersing in liquid oxygen to —180 
degrees Cent. (—292 degrees Fahr.) and drawing at various tem- 
peratures is given in Table X. 

Alloy No. 19 containing 26.78 per cent nickel had a value of 
321 Brinell which was the highest hardness obtained with these al- 
loys after cold treating at —180 degrees Cent. (—-292 degrees 
Fahr.). However all of these alloys showed an appreciable increase 
after cold treating. Alloy No. 18 containing 24.73 per cent nickel 
also increased in hardness to 321 Brinell after cold treating and draw- 
ing at 100 degrees Cent., and maintained this hardness up to 300 





__*“Invar and Related Nickel Steels,” 
edition, 1923. 





U. S. Bureau of Standards, Circular No. 58, 2nd 
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COLD TREATMENT OF 


Table XIV 


STEELS 





cn 
’ 
“J 


Brinell Hardness and Permeability H-200 of Nickel-Silicon Alloys Nos. 25 and 26 


Alloy No. 25 Alloy No. 26 
.06% C—3.40% Si .07% C—4.00% Si 
24.47% Ni 23.71% Ni 
Brinell Permeability Brinell Permeability 
Treatment Hardness H-200 Hardness H-200 
As forged 179 1.5 179 1.5 
As forged, cold-treated —180° C. 418 48.2 402 43.2 
\s forged, cold-treated —180° C. drawn 100° C. 430 48.2 402 43.2 
As forged, cold-treated —180° C. drawn 200° C. 444 48.2 430 43.7 
\s forged, cold-treated —180° C. drawn 300° C. 460 48.2 444 43.7 
\s forged, cold-treated —180° C. drawn 300° C. 532 50.7 514 46.2 
\s forged, cold-treated —180° C. drawn 500° C. 495 48.7 477 45.7 
As forged, cold-treated —180° C. drawn 600° C. 311 24.2 302 21.7 
As forged, cold-treated —180° C. drawn 700° C 166 L.5 163 1.5 
As forged, cold-treated —180° C. drawn 800° C. 159 1.5 159 1.5 


degrees Cent. (570 degrees Fahr.). This alloy exhibited the same 
characteristic as the 18.00 per cent chromium-5.00 per cent nickel 
alloys previously investigated. All the other iron-nickel alloys de- 
creased gradually in hardness as the drawing temperature increased 
up to 600 degrees Cent. (1110 degrees Fahr.). At this temperature 
the alloys became austenitic again with characteristic low hardness 
values. 


Tron-Nickel-Silicon Alloys 


Alloy No. 23 containing 24.93 per cent nickel and 3.83 per cent 
silicon was included in the cold treatment work on the nickel alloys. 
The results of the cold treatment and subsequent drawing on this 
alloy are given in Table X. This alloy became much harder than 
any of the nickel alloys containing only the normal amounts of sil- 
icon. Subsequent drawings increased the hardness values gradu- 
ally until a maximum of 555 Brinell after drawing at 400 degrees 
Cent. (750 degrees Fahr.) was reached. Alloy No. 18 containing 
practically the same nickel content but 0.13 per cent silicon had a 
maximum hardness of only 321. 

The results of cold treating and drawing alloy No. 23 were suffi- 
ciently interesting to warrant a more complete investigation of the 
iron-nickel-silicon alloys. Accordingly the following information 
was obtained on a number of alloys containing between 1.50 and 


4.00 per cent silicon: 
1—Physical properties 

2—Brinell hardness and specific volume 
3—Permeabilities 
4—Microstructures 






























































































TRANSACTIONS OF THE A.. 





Fig. 36—Steel Containing 23.71 Per Cent Nickel, 4.00 Per Cent Silicon. A—As 
forged; B—As-forged and Drawn at 400 Degrees Cent. C—As-forged and Cold-treated at 
180 Degrees Cent.; D—As-forged and Cold-treated at 180 Degrees Cent., and Drawn 
at 400 Degrees Cent All Micrographs & 1000. Etched in Acid Ferric Chloride and 
HeQse. 


1—Physical Properties: Physical properties on alloys at either 
extremity of this group are given in Table XI. The increase in ul- 
timate strength and hardness with corresponding decrease in elonga- 
tion and reduction of area after cold treating to —180 degrees Cent. 
(—292 degrees Fahr.) in liquid oxygen is obvious. Cold treating 
after brine quenching at 1000 degrees Cent. (1830 degrees Fahr.) 
however made a considerable improvement in both elongation and 
reduction of area, with approximately the same ultimate strength. 
Tensile tests after cold treating and drawing at 400 degrees Cent. 
(750 degrees Fahr.) were not successful, since after this treatment 
these alloys were over 500 Brinell. 

The physical properties of alloy No. 23 after the more commer- 
cial form of cold treatment at —80 degrees Cent. (—112 degrees 
Fahr.) are given in Table XII. Specimens instead of being im- 
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Fig. 37—-Steel Containing 23.71 Per Cent Nickel, 4.00 Per Cent Silicon. A—Water- 
quenched from 1000 Degrees Cent.; B—-Water-quenched from 1000 Degrees Cent., and Cold 
treated at —180 Degrees Cent.; C—Water-quenched from 1000 Degrees Cent., Cold-treated 
at 180 Degrees Cent., and Drawn at 400 Degrees Cent. All Micrographs xX 1000 
Etched in Acid Ferric Chloride and H2QOs:. 


mersed in liquid oxygen at —180 degrees Cent. (—-292 degrees 


Fahr.) were treated in a solution of acetone and dry ice at —8&0 de- 
grees Cent. After this cold treatment the tensile strengths were ap- 
preciably increased with fairly good ductility. Specimens as forged 
and drawn at 400 and 600 degrees Cent. (750 and 1110 degrees 
Fahr.) without cold treatment are included for comparison. Appar- 
ently the transformation in this alloy has only begun at —8O degrees 
Cent., and is completed between this temperature and —-1&80 degrees 
Cent. 

2—Brinell Hardness and Specific Volume: Brinell hardness and 
specific volume determinations were made on alloys Nos. 22 and 24. 
Specimens were cold treated at 180 degrees Cent. both as forged 
and as quenched from 1000 degrees Cent. The specific volume de- 


terminations were made on specimens /% inch in diameter and 1 inch 
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Table XV 
Brinell Hardness and Permeability H-200 of Nickel-Molybdenum Alloy No. 27 


0.12 Per Cent Carbon—4.02 Per Cent Molybdenum—24.95 Per Cent Nickel 


Brinell Permeability Izod 
lreatment Hardness H-200 Foot Lbs 

tt, NE a Bie kh a hes sO ce Sam ee ieee eae 170 Fe i 
As forged and cold-treated BN Weis: ae a acta a eee at 302 iv.2 36 
As forged, cold-treated 180° C. and drawn 100° C 302 17.3 wi 
As forged, cold treated 180° C. and drawn 200° ( 321 17.8 28 
As forged, cold-treated 180° C. and drawn 300° ¢ 332 28.1 30 
As forged, cold-treated 180° C. and drawn 400° C. 387 28.5 22 
As forged, cold-treated 180° C. and drawn 500° C. 332 27.7 27 
As forged, cold-treated 180° C. and drawn 600° C 241 8.3 ; 
As forged, cold-treated 180° C. and drawn 700° ( 187 4.2 
As forged, cold-treated 180° C. and drawn 800° ( 163 4.2 












long and the hardness values made on specimens % x 1 x 6 inches 
long. Table XIII gives the data obtained on these tests. The ap- 
preciable increase in hardness and specific volume is of course due 
to the transformation of austenite to martensite. It is interesting 
to note in passing that apparently 1.46 per cent silicon is sufficient 
to completely change the character of a 25 per cent nickel alloy and 
to obtain properties similar to those found with the higher silicon 
alloys. 

3—Permeabilities: The Brinell hardness and permeabilities of 
alloys Nos. 25 and 26, containing 3.40 per cent silicon and 4.00 per 
cent silicon respectively, were obtained after cold treating at —180 
degrees Cent. and drawing from 100 to 800 degrees Cent. in 100 
degree intervals. These data are given in Table XIV. 

The bars used for the magnetic test were 14 inch in diameter 
and 10 inches long. Hardness determinations were made on the 
same bars. The increase in permeability after cold treating corre- 
sponds to the increase in hardness. ~Both increased gradually to 
400 degrees Cent. where a maximum was reached. There was a 
sharp drop in both hardness and permeability between 600 and 700 
degrees Cent. where the alloys returned to austenite. 

!—Microstructures: The microstructures of alloy No. 26 con- 
taining 23.71 per cent nickel and 4.00 per cent silicon are given in 
Figs. 36 and 37. Fig. 36-A shows the normal austenitic structure 
of this steel in the forged condition. Fig. 36-B after drawing at 
400 degrees Cent. (750 degrees Fahr.) without intermediate cold 
treatment shows no change. In Fig. 36-C the coarse martensite ob- 
tained after cold treating at —180 degrees Cent. (—292 degrees 
Fahr.) is shown. Drawing at 400 degrees Cent. after cold treat- 
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ing at —180 degrees Cent. darkens the martensite needles consider- 
ably as shown in Fig. 36-D. Brine quenching at 1000 degrees Cent. 

1830 degrees Fahr.) increased the grain size of the austenite con- 
siderably as shown in Fig. 37-A. Figs. 37-B and 37-C show the 
coarse martensite obtained after cold treating at 180 degrees Cent. 
and cold treating followed by drawing at 400 degrees Cent. re- 
spectively. 


Tron-Nickel-Molybdenum Alloys 


The extremely coarse martensite developed in the nickel-silicon 
alloys made them very brittle. Since the size of the martensite was 
dependent upon the size of the original austenitic grains, the addi- 
tion of elements such as vanadium or molybdenum that might de- 
crease the grain size was considered. 

The hardness, permeability and Izod impact values were ob- 
tained on alloy No. 27, containing 24.95 per cent nickel and 4.02 
per cent molybdenum. The data obtained on these tests are given 
in Table XV. The molybdenum apparently lowered the A, point 
so that at —-180 degrees Cent. (—-292 degrees Fahr.) only part of 
the transformation had taken place. However it is interesting to 
note that an Izod impact of 22 foot-pounds was obtained at the 
maximum Brinell hardness which was 387 after drawing at 400 
degrees Cent. 


SUMMARY AND DISCUSSION 


Preliminary tests upon a series of steels containing approxi- 
mately 18.00 per cent chromium with nickel varying up to 9.20 per 
cent indicated that the alloys containing approximately 5.00 per cent 
nickel possessed borderline characteristics, lying between the so- 
called austenitic steels and the martensitic or pearlitic steels. Such 
characteristics imply the suppression of the A, transformation to a 


point below room temperature, and it was consequently found that 


alloys containing approximately 5.00 per cent nickel could be con- 
siderably hardened by cooling to a low temperature such as ob- 
tained in dry ice. 

A complete study of the physical properties of both the 4.00 
and 5.00 per cent nickel alloys after various treatments, some of 
which included a cooling treatment to —80 degrees Cent. (—112 
degrees Fahr.), developed several points which deserve careful 
thought, particularly in connection with the 5.00 per cent nickel al- 
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loy. In this respect, the great increase in hardness following c 
treatment and suitable drawing is outstanding. ‘This increase is : 
companied by an increase in ductility with no drop in Izod values 
which suggests some very interesting practical applications, par 
ticularly in view of the fact that parts may be hardened by this 


method without discoloration of the surface. The increase in specific 


volume and permeability indicates a definite transformation of auste1 
ite. The marked improvement in machinability produced by the 
cold treatment followed by a suitable draw is noteworthy and un- 
doubtedly results from the further break-down of martensite into 
the softer constituents. Microscopic studies confirm both these ob- 
servations. Specimens given similar treatments, however, omitting 
the refrigeration at —-8O degrees Cent. (—112 degrees Fahr.), re- 
main practically unchanged, indicating definitely that the low tem- 
perature cooling is essential. Attention is again called to the ex 
cellent physical properties at elevated temperatures up to 400 degrees 
Cent. (750 degrees Fahr.) and to the resistance to corrosion in salt 
spray. There is nothing whatever to indicate that the cold treat- 
ment has impaired the corrosion resisting properties, and in fact 
there is reason to believe that it actually has improved them. These 
properties suggest other practical applications. 

Further studies of the effect of small variations in nickel con- 
tent indicated a maximum of 5.10 per cent nickel for the most 
effective hardening, with a permissible range of approximately 4.70 
to 5.10 per cent nickel. Subsequent work upon critical points, effect 
of cooling rate, etc., was therefore conducted upon an alloy contain- 
ing 5.08 per cent nickel. 

For the accurate determination and control of low temperatures 
required in the determination of the thermal as well as magnetic 
points, it was necessary to design a thermocouple of extreme sensi- 
tivity and a low temperature muffle. Both of these proved entirely 
practical and could undoubtedly be used in some modified form in 
production work. 

The critical points observed probably lend themselves to various 
interpretations. The authors suggest that the heating and cooling 
points observed in the vicinity of 600 degrees Cent. represent A.. 
and A,, respectively, since they are strictly magnetic points and 
show practically no lag. The thermal point observed below room 
temperature is believed to be A,’’, corresponding to the change ob- 
served in quenched carbon steels at approximately 250 degrees Cent. 
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under-cooling is observed in the slowly cooled specimens. 
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he alloys are obviously too sluggish to permit the A,’ transforma 
on. The apparent absence of a thermal point at A,’’ upon the 


‘as-rolled”’ alloys is probably due to the presence of considerable 


martensite in these specimens, resulting in a further change which 


s too gradual to be detected by the thermocouple. In contrast to 


this, the fully austenitic specimens transform so rapidly that distinct 


Dilato- 


metric curves would undoubtedly throw some light upon the occur- 


rence of these points as observed in specimens treated to various 


initial conditions. As would be expected, only the alloys of sufh- 


ciently low nickel content to exhibit these low critical points were 


found to respond to cold treatment. 

No advantage was shown by cooling the 5.08 per cent nickel 
steel to liquid oxygen temperature, and apparently the dry ice tem- 
peratures are sufficiently low for all practical purposes. 

Review of previous work indicated that A, transformations 
were possible on other alloys, particularly the iron-nickel, upon cool- 
However no results of the 


ing to temperatures below atmospheric. 
physical properties or hardnesses after cold treating and returning 
to room temperature are recorded. Accordingly a group of alloys 
containing from 24.73 to 30.00 per cent nickel were cold treated at 

180 degrees Cent. (—292 degrees Fahr.) in liquid oxygen. Ap- 
preciable increases in hardness were obtained. 

In the preliminary work an alloy containing 3.83 per cent sili- 
con and 24.93 per cent nickel was found to exhibit a much greater 
increase in hardness than an alloy of practically the same nickel 
content with normal silicon. This is particularly noticeable after 
drawing the cold treated specimens at 400 degrees Cent. The in- 
crease in tensile properties after cold treating corresponds to the 
increased hardness obtained. The microscopic study, specific volume 
and permeability determinations further confirm the transformation 
of austenite to martensite. The maximum hardness obtained after 
cold treating at —180 degrees Cent. (—-292 degrees Fahr.) and 
drawing at 400 degrees Cent. (750 degrees Fahr.) is probably due 
to the breakdown of retained austenite. It is interesting to note 
that in this respect these alloys behave as the rapidly cooled speci- 
mens of the chromium-nickel steels containing approximately 5.00 
per cent nickel. 

The replacement of the silicon with molybdenum in a 25 per 
cent nickel steel resulted in the suppression of the A, point. Conse- 
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quently only part of the transformation had taken place at —1X0 
degrees Cent. (—292 degrees Fahr.) with the corresponding smaller 
increase in hardness. 


CONCLUSION 


The field of treatment at low temperatures is one of suc 


h 


i 


breadth that of necessity the authors have omitted a detailed discus- 
sion of many phases of the subject, and quite likely have neglected 
many of its possibilities. While the paper is therefore offered in a 
sense as a progress report, it is hoped that some of the points touched 
upon may prove sufficiently promising to invite a more detailed 
study by other investigators. 
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Written Discussion: By John A. Mathews, 
Steel Company of America, New York City. 

The large number and very excellent quality of the papers presented this 
week dealing with corrosion resistant steels, and the exhibit of products made 
from them at the exposition, takes my mind back to a time when two struggling 
young societies had just merged to become the American Society for Steel Treat- 
ing, which was holding its first convention and exposition in Philadelphia in 
1920. At that exposition the Crucible Steel Company of America first showed 
to the American public a considerable series of these steels in various forms 


vice-president, Crucible 


and shapes. A number of them that had been “preserved” in strong nitric, 
acetic, phosphoric and caustic solutions for a period of weeks or months at- 
tracted much attention. At this convention, Mr. Charles M. Johnson, who was 
responsible for these products, presented a paper which appears in Volume I of 
our TRANSACTIONS. The products were produced and studied during the period 
from 1917 up to the time of the exposition. 

It is customary for parents to name their children rather promptly but in 
this instance the progeny was so numerous that individual names were not pro- 
vided until after Mr. Johnson’s paper had been given. Then the generic name 
Rezistal was given to them and the individual varieties were numbered. In his 
paper they were referred to as Grade 2, 3, 4, etc. It so happens that Grade 2 


- 


was what we now call Rezistal No. 2 and is probably the first so-called 18-8 steel 
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duced in this country. It was made in 1917. His other grade numbers cor- 
responded to our Rezistal numbers as used today. At the time of his earlier 
experiments these steels were melted in crucibles and without the use of low car- 
hon ferrochromium which we have today and without the ability to decarburize 
the material as can be done in electric furnaces. Consequently, most of these 
earlier steels were rather high in carbon. The point | wish particularly to make 
is, however, that this very early paper makes mention of most all the subjects we 
are discussing today. Mr. Johnson describes how Grade 2 (18-8) may become 
magnetic by long holding at around 1200 to 1300 degrees Fahr. but loses its 
magnetism at a somewhat higher temperature and that it can be again made 
magnetic by reheating in the 1200 degrees Fahr. range. 

He mentions that other steels are not thus affected. This paper makes no 
mention of the words austenite or austenitic but, obviously, the steels which 
became magnetic were the border line types of alloys and not the more stable 
austenitic alloys. He describes and illustrates the effect of elevated tempera- 
tures up to 2400 degrees Fahr. on grain size, tensile properties and impact 
resistance. He gives the tensile qualities of very fine wire. He describes the 
effect of cold treatment on some of his products in liquid air and apparently the 
ones on which he tried liquid air were the stable austenitic varieties. He de- 
scribes the high temperature annealing for forming operations but, apparently, did 
not experiment with reference to the effect of variable temperature treatments on 
corrosion resistance. We now know a lot that we did not know then about the 
still earlier work of Dr. Strauss at the Krupp Works. Nevertheless, Mr. John- 
son produced similar, but not identical, grades of products quite independently. It 
should be remembered that his first experiments were actually made during the 
war period and that his paper and our exhibit preceded the issuing in this country 
of the Strauss patents. 

In regard to the paper by Messrs. Luerssen and Greene and also the paper 
by Messrs. Krivobok and Gensamer, presented before the American Institute of 
Mining Engineers, we note that all of these workers draw attention to the hard- 
ening effect of very low temperatures on certain of the corrosion-resistant steels. 
It is not stated just how generally this effect may be obtained. Messrs. Luerssen 
and Greene hardened their steels in a constant temperature of 1090 degrees Cent. 
and apparently did not study the effect of variable quenching temperatures prior 
to the cold treatment on the group with which they worked. The number of 
products which may be made to respond to the cold treatment is rather wide and 
the effect does vary depending upon the temperature of quenching. Not only the 
carbon-chromium-nickel ratio but other added metals control this behavior. In 
other words, the possibilities with these so-called border line steels is (1) either 
to harden or soften by quenching—depending upon the temperature (2) after 
such treatment either to harden or not harden by certain cold treatments and (3) 
in some cases to materially harden by precipitation hardening at elevated temper- 
ing temperatures. For example, a steel of 0.33 per cent carbon, 7.47 per cent 
nickel and 12.64 per cent chromium, as quenched from 1800 degrees Fahr. showed 
a Rockwell C hardness of 30. After cold treatment in dry ice this increased to 
47. The same steel after a 2100 degrees Fahr. quench showed 10 Rockwell C, 
and after the cold treatment had only increased to 11. A series of steels (some- 
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what analogous to the authors’, but higher in carbon and lower in chromium 
was very uniform except for the nickel content—the carbon being 0.40 and the 
chromium 16.5 per cent. The first of these showed 4.14 per cent nickel and by 
direct quenching from 1800 degrees Fahr. showed 48 Rockwell C—after cold 
treatment, 49. After a 2100 degrees Fahr. quench it showed 28 and 29, respe: 

tively. The second modification with 4.82 per cent nickel, hardened at 1800 
degrees Fahr., gave Rockwell 43 and after cold treatment, 49. After the 2100 
degrees Fahr. quench it showed 24 and after cold treatment 25. The third num- 
ber of this group with 5.91 per cent nickel showed Rockwell 37 after quenching 
from 1800 degrees Fahr. and 47 after cold treatment. After the high quench it 
showed Rockwell 23 as quenched and after the cold treatment. It will be noted 
that as the nickel increased in this series the initial hardening capacity de 
creased from both the low and high quench, In other words, the highest nickel 
content was sufficient to bring about considerable austenite on both the low and 
high quench. It would appear that the austenite following the low quench was 
more unstable than the austenite after the high quench, for it is transformed to 
produce great increase in hardness, while the austenite resulting from the high 
quench does not seem to be transformed, at least at the temperature of dry ice. 

Referring again to the first steel mentioned with 12.64 per cent chromium 
and 7.47 per cent nickel which showed marked hardening after a low quench and 
cold treatment but not after the high quench, it is interesting to note that the 
addition of 2.5 per cent tungsten to this same steel destroyed its capacity for re- 
hardening after either the high or low quench. As a matter of fact, its initial 
hardness was less after the low quench and greater after the high quench than 
the steel without tungsten. The series of steels in which the nickel varied be- 
tween 4.14 and 5.91 per cent, both as-rolled and after various quenches, showed a 
considerable capacity to harden at various tempering temperatures between 1000 
degrees Fahr. and 1600 degrees Fahr.—varying from 2 to 15 points Rockwell C. 

The subject is a very interesting one and the field of study is much broader 
than is indicated in the paper under discussion, but the authors are to be con- 
gratulated upon their very excellent work insofar as the range of steels which 
they considered is concerned. 

Written Discussion: By H. S. Rawdon, chief metallurgical depart- 
ment, U. S. Bureau of Standards, Washington, D. C. 

It is certainly a pleasure to read the report on such a well executed piece oi 
work as this one. Many metallurgists have at times studied the effect of cooling 
on austenitic steels or other alloys in a structurally unstable state. Usually 
such attempts have been incidental to other objectives, however. The present 
work is outstanding in the comprehensive and systematic manner in which it has 
been planned and executed and particularly in the endeavor made to make the 
results commercially practicable. The work has been so well planned that, in 
large measure, any questions that might ordinarily arise have been forestalled 

The results have clearly shown that nickel-chromium steels of the proper 
composition, that is “marginal austenitic” compositions, do respond to the cold 
treatment with such marked improvement of their properties that it would seem 
there could be no reasonable doubt that the method will prove feasible and useful 
from the commercial standpoint. Likewise, the results show the limitations of 
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is method of treatment. It will be a source of real regret to metallurgists in 
veneral that the widely used “18 and 8” alloy steel does not respond to this 
eatment. The field of usefulness of the marginal austenitic steel with 5 per 
ent of nickel and 18 of chromium is decidedly narrower than that of the “18 
and 8” alloy. In particular, does this apply when corrosion-resistance is the 
decisive factor, for this property decreases as the nickel content is lowered below 
the usual 8 per cent, the assumption being made, of course, that no other com 
pensating change in composition is made. 

The writer considers that the results given by the authors showing the rela- 
tive corrosion-resistive properties of the various alloys are not discriminating 
enough in this respect. This criticism should be taken as applying to the general 
method used rather than the authors’ application of the method in this particular 
case. The salt spray test is widely used as an acceptance test for alloys of the 
“18 and 8” type, although it is generally recognized that it is far from being a 
satisfactorily discriminating test method. The main criticism of the method is 
that it is not severe enough. Only those materials whose corrosion-resistive 
properties are decidedly low are rejected on the basis of the results. A more 
suitable method for determining the corrosion-resistive properties of the stainless 
class of steels is one of the crying needs of the industry. 

Any one who did not examine into the matter very far might conclude that 
inasmuch as the alloy with 5 per cent nickel after certain treatments withstood 
100 hours in the salt spray test without rusting, it should be accepted as equiva- 
lent in its corrosion-resistive properties to an “18 and 8” alloy passing the same 
test, since this requirement has come to be recognized as one of which the lat- 
ter material must meet. This may be far from the truth, however. 

The suggestion has been made that perhaps the salt spray test can be intensi- 
fied sufficiently so as to make its results more dependable and discriminating 
for uses such as the present. A few tests, admittedly preliminary in scope, and 
limited in number, made at the Bureau of Standards with a solution of sodium 
chloride to which an oxidizing agent (hydrogen peroxide) had been added have 
given some promising results along this line. Defects were revealed which were 
entirely unsuspected on the basis of salt spray tests alone. The statement may 
well be repeated that a suitable discriminating accelerated testing method for the 
stainless class of steel is one of the crying needs of the industry. 

Written Discussion: By E. S. Davenport and R. H. Aborn, associated 
with research laboratories, U. S. Steel Corporation, Kearny, N. J. 

This paper is one of peculiar interest to us in view of the investigations in 
our laboratory on the inordinately rapid transformation rates of carbon steels in 
the zone from room temperature to 150 degrees Cent. (300 degrees Fahr.). 
Due to the nature and content of alloying elements this zone is found to be 
shifted to the region below room temperature with an apparently retarded rate. 
Chis is indeed a very fruitful field of investigation, and one in which our knowl- 
edge of the true nature of these alloy steels can only be broadened by intensive 
work in rather narrowly limited composition regions, such as undertaken by the 
authors in the present instance. 

The paper contains further welcome evidence of the fact that the so-called 
Ar and Ac “points” are not, strictly speaking, fixed points at all, but are values 
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dependent upon the conditions under which they are determined. The only true 
critical points are those which are determined under equilibrium conditions 
This has been repeatedly brought to our attention within the past two years 
the course of investigations on many types of steel at our laboratory. 

The author’s belief that small variations in carbon content may exert an 
important influence on the position of the boundary line between the wholly 
austenitic field and the mixed field of austenite and ferrite is of course well 
confirmed in the alloys of adjoining composition on the side of higher nickel con 
tent, such as the “18-8” type. Apparently the authors’ alloy containing 9.20 per 
cent nickel failed to respond to any treatment given, including liquid air. It 
would be interesting to know, however, whether the authors regard the perme 
ability data on the 7.04 per cent nickel alloy as indicating the production of an 
appreciable amount of martensitic ferrite in the —75 degrees Cent. quench, and 
also whether they have obtained any magnetic data on this alloy in connection 
with the liquid air treatment. 

When employing a cooling rate of 2 degrees Cent. per minute as suggested, 
it would be of interest to know if the authors have found as desirable mechani 
cal properties after any drawing treatment as those shown in the 400 degrees 
Cent. (750 degrees Fahr.) draw in Table III where the low-temperature cooling 
rate was some five times faster. 

In the chromium-nickel steels chosen by the authors, the A; transformation 
temperature range (ferrite <——> austenite) very likely overlaps the A: range. 
May it not be possible that the magnetic changes which the authors refer to as 
Ac: and Ar, are in reality due to both A: and A; changes? In fact, the marked 
decrease in magnetic intensity on cooling (cf. Fig. 28) gives some basis for the 
view that the observed effect on heating is due primarily to the transformation 
of ferrite to austenite, which on cooling is largely irreversible due to sluggish- 
ness. If the A. change alone were involved, the intensities on heating and cool- 
ing should be substantially equal. 

The authors’ paper represents a vast amount of work carried out with 
admirable skill and care, but it is clear that only a beginning has been made in 
this comparatively new field of low temperature treatment. From the very 
nature of the subject, even a modest program involves an immense multiplicity 
of observations. For example, information on the actual rates of transformation 
at these low temperatures is still meager. The transformation rates of carbon 
and low alloy steels in the vicinity of room temperature would lead us to expect 
very rapid transformation at lower temperatures; however, the low atomic 
mobility at such temperatures, coupled with the inherent sluggishness of these 
“border-line” alloys, might well cause the reactions to be quite slow in reaching 
completion. It might even prove true that the reactions would proceed to a 
definite extent beyond which extremely low temperatures cause no further 
change. The use of dilatometric methods, as suggested by the authors, holds 
much promise. It is hoped that with the experience already acquired the authors 
will see fit to continue their valuable investigations in the immediate future. 

Written Discussion: By A. B. Kinzel, associated with the Union Car- 
bide and Carbon Research Laboratories, Inc., Long Island City, N. Y. 

This work by Messrs. Luerssen and Greene is an extremely valuable, well 
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wht out, admirably executed, thorough investigation of sub-room tempera- 
transformations in alloys which are of distinct commercial interest. The 
hods used are ingenious, and the results appear to be reliable. 
In the cold treatment, severe temperature gradients have been set up, so that 
strains accompanying these could produce the same effect as cold working. 
s possible that this condition may be one of the factors involved in producing 
transformation at the low temperature. It is hard to conceive of the occur- 
nce of transformations at low temperatures in alloys such as those containing 
oh chromium without some additional force to increase the atomic mobility. 
Possibly, the initial cold working produced by temperature gradients starting 
he transformation is supplanted by the strain set up in the transformation itself, 
hus producing a progressive transformation. The striking undercooling on some 
the specimens is in accord with this view. The writer believes that the 
.uthors’ interpretations of the critical point of curves are most probable. 
The authors point out the possibilities of hardening without scaling. How- 
ever, from a practical standpoint it would seem that such treatment would be 
uite cumbersome, except for small pieces or wire. The establishment of a 
comparatively narrow range of border-line alloys at 4.70 to 5.10 per cent nickel 
with very slight variations in chromium content, indicates the extreme sensitivity 
of the method. It also indicates that it would be rather difficult to apply com- 
mercially because of the close control of analysis which will be necessary in the 


~ss 


“18-5” type alloy. Data given on other alloys which are not of the stainless 
group indicate the possibilities of wider range in analysis. 

Messrs. Luerssen and Greene have certainly increased our knowledge with 
respect to this comparatively unexplored phase of metallurgy, and deserve our 
fullest appreciation. 


Oral Discussion 


V. N. Krivosox:' I wish to take this opportunity to state that the paper 
by Messrs. Luerssen and Greene deserves a great deal of attention. It is easy to 
make flattering remarks, but the best proof of the value of the paper lies in the 
interest it arouses. I had the privilege to know about this work while it was in 
progress. The remark which was made today during the discussion and which 
has a direct bearing on the composition of these steels, deserves particular atten- 
tion. The range of composition of the steels of chromium-nickel stainless type 
that will respond to cold treatment is not so narrow as indicated in the paper. 
The hardening brought about by cold immersion depends very much on carbon 
content, as we have found out pursuing similar investigation. The authors will 
undoubtedly agree with me. 

[ am in disagreement, I am sorry to say, with the interpretation of the 
critical point, which is taken to be the A. point as stated in the paper. I was 
glad to hear Mr. Luerssen say in his presentation that it is probably a com- 
bination of points. First of all the steel in question is hypereutectoid, and the 
same transformation that is described in the paper can be determined by other 


‘Metallurgist, Bureau of metallurgical research and professor of metallurgy, Carnegie 
titute of Technology, Pittsburgh. 
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methods, notable among which is the dilatometric one, thus indicating that 
could not be the A: point. 

I am also somewhat in disagreement with the statement that the effect 
time at low temperature is quite important. In the work which was pursu 
in our laboratories we found repeatedly that it is necessary to cool the alloy 
down to a certain temperature in order to start the transformation. the 


temperature remains unchanged the transformation will proceed just so far 


and, at least within reasonably long time, no further changes will be observed 
Slight lowering of the temperature results in further progressive transforma- 
tion. It is illustrated by the volumetric changes rather than by measuring 
hardness. 

I am fully convinced that this work opens a large field, and I was glad t 
hear from Dr. Mathews that it might be very well applied to other steels, sucl 
for example, as high speed steel. 


Authors’ Closure 


Dr. Mathews’ discussions are always welcome and to the point. It is a 
fine thing to have in our organization some one to act as a sort of balance 
wheel, and to help show us the way when we get into new and unexplored fields. 

With regard to his remarks on the effect of quenching temperature upon 
the ultimate properties, we have investigated this field to some extent. Fol- 
lowing is a table showing Brinell hardness after quenching at temperatures 
ranging from 1500 to 2000 degrees Fahr., and Brinell hardness of these same 
pieces after cold treating: 


Quenching Brinell As Brinell As 
Temperature Quenched Cold Treated 
1500 degrees Fahr. 321 321 
1600 degrees Fahr. 341 341 


7c 


1700 degrees Fahr. 363 375 
1800 degrees Fahr. 363 429 
1900 degrees Fahr. 352 401 
2000 degrees Fahr. 277 444 


As indicated by Dr. Mathews, quenching temperature seems to have quite 
an effect. It will be noted, however, that between quenching temperatures of 
1800 and 2000 degrees Fahr., the final hardness results are fairly uniform. 

Dr. Mathews’ results on the 16 per cent chromium and 0.40 per cent car 
bon with variable nickel content are very interesting and undoubtedly add to 
our information on the subject. 

The discussion by Messrs. Davenport and Aborn indicates a very thorough 
study of the paper, and we greatly appreciate their suggestions. The change in 
permeability on the 7.04 per cent nickel steel is so slight that we have not 
attached any significance to this change. Neither have we investigated the 
effect of a liquid air treatment on this alloy except as regards hardening. No 
difference in Brinell hardness between —75 degrees Cent. and liquid air tempera- 
tures has been found. 

Their point with regard to the effect of cooling rate on subsequent physi- 
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cal properties is very well taken, and we are at present making a study of this 
variable. Another point well taken is that in connection with the possibility 
f the overlapping of the A, and As points. 


Ol 


answered if we knew exactly what the eutectoid composition of the alloy really 


The question could be more readily 


is. We have generally assumed that the alloy is hypereutectoid, and that the 
two points are, therefore, merged. 

We are in accord with Messrs. Davenport and Aborn’s view with regard 
to the sluggishness of these alloys. This is well shown in Fig. 34 in the paper 
in which the depression of the critical point is shown to be quite marked with 
increase in cooling rate. It is gratifying that so many of our views on the 
principles governing the behavior of these alloys agree so closely. 

We agree with Mr. Kinzel that it is somewhat difficult to conceive struc 
tural changes actually taking place in these alloys at such extremely low tem- 
peratures. However, his stress theory does not appear to be tenable, since 
our best results were obtained by extremely slow cooling in which cases the 
thermal gradient was practically nil. The point is one which will bear further 
investigation. 

We are indeed grateful to Dr. Rawdon for his discussion. We agree 
with his statement in regard to the exclusive use of the salt spray test as a 
method of measuring corrosion-resistance. We have experimented with sup- 
plementary tests and have more or less standardized on the one described by 
W. R. Huey, particularly for the chromium-nickel alloys. 


65 per cent boiling nitric acid for five 48-hour periods. 


This test employs 
The corrosion rate is 


reported in inches per month. Some of the results on 


“18-5” alloy as compared 
to ordinary “18-8” are as follows: 


c iy Ni 
18-5 0.08 per cent 17.60 per cent 5.08 per cent 
18-8 0.03 per cent 17.58 per cent 8.09 per cent 
18-5 18-8 
In/ Mo. In/ Mo. 
Quenched 1100 degrees Cent. 0.002261 Quenched 1100 degrees Cent. 0.001868 
(2010 degrees Fahr. ) (2010 degrees Fahr.) 
Quenched 1100 degrees Cent. 0.002162 
C. T. —80 degrees Cent. 
(—112 degrees Fahr.) 
Quenched 1100 degrees Cent. 0.004243 Quenched 1100 degrees Cent. 0.03690 
C. T. —80 degrees Cent. Drawn 600 Degrees Cent. 
Drawn 600 degrees Cent. (1110 degrees Fahr. ) 
(1110 degrees Fahr.) 
Quenched 1100 degrees Cent. 0.003505 Quenched 1100 degrees Cent. 0.003768 


C. T. —80 degrees Cent. 


Drawn 800 degrees Cent. 
Drawn 800 degrees Cent. 


(1470 degrees Fahr.) 


We greatly appreciate Dr. Krivobok’s remarks, and in turn have had the 
opportunity to follow the very interesting dilatometric work carried out in his 
laboratory. 


The Az point discussed in the paper is undoubtedly a combination of points 


TRANSACTIONS OF THE 


as suggested by Dr. Krivobok, and beautifully illustrated in his dilaton 
curves. 
With regard to the effect of holding time upon the transformation at 


temperatures, we also observed the phenomenon mentioned by Dr. Krivobol 


The specimens shown in Table V were all held four hours, which we foun 


to be the maximum time necessary for completion of the transformation 
slowly cooled specimens. However, after rapid cooling the transformation 


not complete after holding five hours, and evidently a holding time of ten h 


was necessary to complete the hardening. This is shown in Table VII. 





































MAGNETIC AND MECHANICAL HARDNESS OF 


—e DISPERSION HARDENED IRON ALLOYS 

| at low Ee > . * 

ae By K. S. SELJESATER AND B. A. RoGeErs 

e fe und ; 

ition on ‘ Abstract 

‘ion was 

n hours The effect of dispersion or age hardening upon the 


magnetic properties of a number of carbon-free binary, 
ternary, and quaternary tron alloys has been investigated. 

Binary alloys of tron with tungsten, molybdenum, 
beryllium, and titanium all exhibit a marked increase in 
coercive force, accompanied by a rise in residual mag- 
netism, as the temperature of the aging treatment is raised. 
In some cases the increase im coercive force occurs simul- 


. taneously with the rise in hardness value, while in others, 
; notably the tron-titanium alloys, the magnetic properties ’ 
do not change appreciably until the hardness readings 
3 have gained considerable or even reached their maximum 
value. Both hardness and coercive force pass through 


maximum values. The binary alloy containing 23.4 per 
cent molybdenum attained a coercive force of over 200 
giuberts per centimeter. 

Among the ternary group, the iron-tungsten-cobalt 
combination is of greatest interest. Unlike magnet steels, 
these alloys do not attain maximum imechanical and max- 
imum magnetic hardness under the same treatment, but 
experience a minimum of coercive force as the hardness 
passes through maxumum value. 


[INTRODUCTION 


ae MENTAL knowledge pertaining to dispersion hardening 
of carbon-free iron alloys is at present rather incomplete. Credit 
is due to W. P. Sykes for his thorough exploration of the iron-tung- 
sten and iron-molybdenum systems and for the discovery of disper- 
sion or “age hardening” in iron alloys. Such hardening results from 
an increasing solid solubility with increasing temperature of some 
constituent and the ability to suppress precipitation by rapid cooling. 
According to the generally accepted theory, as quenched from a high 
temperature the alloy consists of a supersaturated solution, and upon 


\ paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The authors are connected with the 
metallurgical laboratories of the Western Electric Co., Inc., Chicago. B. A. 
Rogers is a member of the society. Manuscript received June 25, 1931. 
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aging at a suitable temperature this constituent is precipitated in , 
ticles of the proper size to harden the matrix. 

From these considerations it was predicted that if in this 
stance the magnetic hardness would follow the mechanical hardiness. 
as is generally the case for hardening produced by cold work or heat 
treatment of carbon-containing alloys, carbon-free dispersion hard 
ened alloys might make useful permanent magnets. 

The hardness and magnetic properties have been determined fo: 
a number of alloys after quenching from a high temperature and 
successive reheatings to lower temperatures, and it has been dis 
covered that remarkable values for magnetic hardness can be ob- 
tained in carbon-free precipitation hardened alloys.’ 

Permanent magnet materials, superior to any but the cobalt 
magnet steels, have been developed, and these materials are all unique 
in that they are substantially carbon-free. As of particular interest, 
dispersion hardening phenomena have been disclosed in carbon-free 
iron-titanium alloys rich in iron. 

Novel types of age hardenable ternary alloys, such as the iron- 
tungsten-cobalt alloys, are also described. Some of the alloys inves- 
tigated reach a maximum magnetic hardness simultaneously with the 
maximum mechanical hardness. In other alloys the magnetic hard- 
ness attains a minimum value as the mechanical hardness reaches its 
maximum value.” This behavior is not in accord with the simpler 
theories of magnetism, dispersion hardening and its effect on mag 
netic properties, and further studies in this direction will be of ma 
terial assistance in an effort to modify these theories to fit the facts 
more closely. 


EXPERIMENTAL PROCEDURE 
Preparation of Alloys 


Two types of furnaces were used in melting the alloys. One 
was a vacuum furnace of the Arsem type, having a graphite helix 
41% inches inside diameter. The pump attached to this furnace was 


capable of keeping the pressure at 5 or 6 millimeters of mercury dur 


ing melting. The crucibles used in this furnace were made from a 
mixture of 90 per cent fused magnesia and 10 per cent fire clay. 


1The work of Kroll (French Patent 669,551, February 13, 1929) in which permanent 
magnets were obtained by dispersion hardening of carbon-free iron-beryllium-nickel ys 
was not published until after the completion of the experimental work here recorded 

*This failure of magnetic and mechanical hardness to coincide has been confirmed 
W. Koster, Z. Anorg. Aligem. Chem, Vol. 179, 1929, p. 297-308. 
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DISPERSION HARDENED IRON ALLOYS 


A 35 kilovolt-ampere high frequency furnace was used in mak- 
ing many of the alloys. The crucibles for this furnace were from 
craphite, lined with an alundum-silica mixture suitably bonded. 

The raw materials used were mostly of commercial grades and 
are given in the following list: 

[ron Electrolytic or Armco 

Tungsten Commercial Powder (98%) 

Molybdenum Powder or Commercial Carbon-Free Ferromolybdenum 

Beryllium From Beryllium Corporation of America 

Titanium Commercial Carbon-Free Ferro-alloy (20-25% Ti) 

Cobalt Shot or High Purity Electrolytic 

Nickel Electrolytic 

Manganese High Purity Carbon-Free Grade 


Forging and Heat Treatment 


Forgeable ingots were forged into bars 1% inch square and 12 
inches long. Whenever forging difficulties were encountered, the 
ingots were flattened and test bars 3°; inch thick, % to 1 inch wide 
and preferably 4 inches long cut or ground from the plates. 

A carbon resistor type furnace equipped with a noble metal 
thermocouple was used for heating the bars preparatory to quench- 
ing, which was done in water. Where the eutectic temperature was 
known, the alloys were quenched therefrom. When no information 
on the eutectic temperature was available, the alloys were quenched 
from a temperature below the melting point of the lowest melting 
composition in that series, which procedure was considered satisfac- 
tory for the purpose of this investigation. 

The quenched bars were finished to the desired smoothness and 
“aged” at various temperatures in a muffle furnace. Each sample 
was tested after quenching and after each aging treatment. The 
bars were not, however, given a solution heat treatment after each 
aging treatment and consequently the effects produced at a given 
aging temperature are dependent in some degree on the previous 
agings at lower temperatures. In general, the time at aging tem- 
perature was one hour. 


Testing 


Hardness values were determined by means of the Rockwell 
hardness tester. Two permeameters were used for magnetic meas- 
urements. The longer bars were tested in the Babbitt permeameter.’ 


‘B. J. Babbitt, “An Improved Permeameter for Testing Magnet Steel,’ Journal, Optical 
Society of America and Review of Scientific Instruments, Vol. 17, 1928, pp. 47-58. 
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Bars too short for the Babbitt permeameter were tested in the Fisc] 
permeameter.* Bars tested in both permeameters have indicated that 
the two instruments give substantially the same values of remanence 
and coercive force. 

The usual symbols, “B” for flux density in maxwells per square 
centimeter and ‘“‘H” for field intensity in gilberts per centimeter, have 


es 


been observed throughout this paper. “Bm” and “Br” are used fi 
maximum and residual flux density, and “He” for coercive force. 
The flux density at H = 1000 gilberts per centimeter has been con- 
sidered to represent the saturation value. Three observations were 
made at each test, namely: flux density at a field of 1000 gilberts per 
centimeter, remanence and coercive force. For the early part of the 
work on iron-tungsten alloys the maximum field intensity was 250 
gilberts per centimeter. 


BINARY ALLOYS 
Tron-Tungsten Alloys 


According to the equilibrium diagram given by Sykes’, an 


eutectic is formed in the iron-tungsten system at 48 per cent tungsten 


and at 1525 degrees Cent. (2775 degrees Fahr.), the components of 
which are an iron-rich solid solution of tungsten in iron and the 
compound Fe,W,. The solid solubility of tungsten in iron varies 
from 33 per cent at the eutectic temperature to 8 per cent or less at 
room temperature. The dispersion hardening of the iron-rich alloys 
results from precipitation of the compound Fe,W, in a highly dis- 
persed form from the supersaturated solid solution produced by 
quenching. ‘The maximum hardness was by Sykes found to result 
from aging at 1290 degrees Fahr. (700 degrees Cent.). 

In order to determine the magnetic properties of alloys hard- 
ened by precipitation three melts, containing 18.5, 21.1 and 27.8 
per cent tungsten, were prepared in the Arsem furnace. The ingots 
as solidified in the furnace were reheated to 2000 degrees Fahr. (1095 
degrees Cent.) and forged into bars of a rectangular cross section. 
The forged bars were heated to 2600 degrees Fahr. (1430 degrees 

‘M. F. Fischer, “Apparatus for Determination of the Magnetic Properties of Short 


Bars.”’ Scientific Papers of the Bureau of Standards, Vol. 18, 1922-1923, No. 458, pI 
513-526. 


SW. P. Sykes, “The Iron-Tungsten System,” Transactions, American Institute 
Mining arid Metallurgical Engineers, Vol. 73, 1926, pp. 968-1008. 
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section. | tor all three alloys. Variations in saturation values could not be fol- 
degrees lowed closely on account of the change in maximum field used, but 
it was found that the maximum flux density after quenching, ob- 
of Short . . . Ar . ° e a e ° 
458, pi tained with H = 250 is higher than that for H = 1000 after aging. 


With respect to increasing tungsten content over the range investi- 
stitute of gated, the following observations were made: Maximum hardness 
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increased from C43 to C57 and maximum coercive force from 70 t 
151. The value of 151 was obtained for an alloy prepared in thx 
high frequency furnace and analyzing 27.9 per cent tungsten (Tab 
I). 

The remanence decreases for increasing tungsten content, and 
for the highest tungsten content is only 7000 at the maximum co 
ercive force. The coercive force together with the remanence are 
the chief characteristics for permanent magnets, and in the summary 
of data in Table I is recorded the maximum product of these two 
values for each alloy studied. The saturation value falls off some- 
what with the tungsten content for both aged and unaged alloys. 


Tron-Molybdenum Alloys 





The iron-molybdenum alloys have also been carefully studied 
by Sykes,*° who found that the iron-rich alloys are similar to the 
iron-rich tungsten alloys. The alloys are also susceptible to age 


hardening. In accordance with the iron-molybdenum diagram given 
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Fig. 4—-Change of Rockwell Hardness, Co 
ercive Force and Remanence With Aging 
Temperature of Iron-molybdenum Alloy, 23.4 
per cent Molybdenum. 







in the 1930 National Metals Handbook,’ an eutectic is formed at 36 
per cent molybdenum and 1440 degrees Cent. (2625 degrees Fahr.), 











the components being a solid solution of molybdenum in iron and 
the compound Fe,Mo,. The solid solubility of molybdenum in iron 
decreases from 24 per cent at the eutectic temperature to 6 per cent 
at room temperature. 

Only one iron-molybdenum alloy was used in this investigation. 
It was prepared by melting in a high purity magnesia crucible in the 










*"W. P. Sykes, “The Iron-Molybdenum System,’’ Transactions, American Society for 
Steel Treating, Vol. 10, 1926, pp. 839-870. 


'W. P. Sykes, “Constitution of Iron-Molybdenum Alloys,’’ National Metals Handbook, 
1930, pp. 604-606. 
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DISPERSION HARDENED IRON ALLOYS 


\rsem furnace, and contained 23.4 per cent molybdenum. It was 


forged at a temperature of 2000 degrees Fahr. (1095 degrees Cent. ), 
and quenched from a temperature of 2320 degrees Fahr. (1270 de- 
erees Cent.). The quenching was from below the eutectic temper- 
ature, in order to prevent an undue loss of molybdenum by volatili- 
zation of molybdenum oxide. 

The magnetic and hardness values plotted in Fig. 4+ show that 
this alloy behaved in a manner similar to those of the tungsten series. 
The flux density at H — 1000 fell markedly as the bar began to show 
precipitation hardening effects due to the precipitation of the com- 
pound Fe,Mo,. Differing from the iron-tungsten alloys, both hard 
ness and coercive force reached their maximum at the same aging 
temperature. 

At the maximum coercive force, which is over 200, the rem- 
anence was only about 7000. This alloy reached the highest co- 
ercive force recorded in this investigation, namely 219. The hard- 
ness values are in agreement with those obtained by Sykes for alloys 
of this composition. 


Tron-Beryllium Alloys 


The mechanical properties of iron-beryllium alloys have been 
studied by Kroll,* who found that iron-rich alloys containing up to 
about 4 per cent beryllium are forgeable, and that those containing 
1.2 per cent or more beryllium are susceptible to age hardening. Age 
hardening was developed by quenching the alloys from 1100 degrees 
Cent. (2010 degrees Fahr.) and aging at 520 degrees Cent. (970 
degrees Fahr.). A maximum hardness of 470 Brinell was produced 
in the alloy containing 3.9 per cent beryllium, but the alloys were 
considered to be commercially valueless as they were difficult to 
forge and contained very large grains. The magnetic properties of 


’ who did not discover inter- 


these alloys were studied by Auwers,‘ 
esting magnetic properties. 

For this investigation three alloys, containing 1.4, 2.9 and 5.2 
per cent beryllium, were made in the high frequency furnace. The 
5.2 per cent alloy could not be forged, but test specimens were pre- 
pared by grinding. The other alloys were forged at 1600 to 1800 





®Wilhelm Kroll, “Die Legierungen des Berylliums mit Ejisen.’’ Wissenschaftliche 
Verdffentlichungen aus dem Siemens-Konzern, Vol. 8, 1929, pp. 220-235. 





*Otto von Auwers, “Magnetische Messungen an Eisen-Berylliumlegierungen,” Wis- 
senschaftliche Veréffentlichungen aus dem Siemens-Konzern, Vol. 8, 1929, pp. 236-247. 
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degrees Fahr. (870 and 985 degrees Cent.). All alloys wer 
quenched from 2040 to 2200 degrees Fahr. (1115 to 1205 degree 


Cent.). The eutectic temperature is 2100 degrees Fahr. (1150 de 











grees Cent.). Microscopic examination indicated that some beryl 
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Fig. 6—Change of Rockwell Hardness, Coercive Force and Remanence With Aging Et 
Temperature of Iron-beryllium Alloy, 2.8 per cent Beryllium. = 
lium was lost from the surface during forging and heating for 5 


quenching. The 2.8 and 5.2 per cent beryllium alloys were quite 
brittle. The values obtained for. these alloys are plotted in Figs. 
5 to &. 











In contrast to the behavior of the tungsten and molybdeum 
alloys the saturation values as indicated by the flux density at H 
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Fig. 7—Change of Rockwell Hardness, Coercive Force and Remanence With Aging 
Temperature of Iron-beryllium Alloy, 5.2 per cent Beryllium. 

Fig. &8—-Change of Rockwell Hardness, Coercive Force and Remanence With Aging 
Temperature of Iron-beryllium Alloy, 5.2 per cent Beryllium. 
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\ 
1000 was somewhat higher after aging than after quenching, which i 
seems remarkable. i 
In the 1.4 per cent beryllium alloy the aging effect is character- . 

ized by a slight increase in hardness, coercive force and remanence im 

at about 1100 degrees Fahr. (595 degrees Cent.). Figs. 9 to 12 S 


show the microstructures of the 2.8 and 5.2 per cent alloys in the 


quenched and in the aged conditions. The large polyhedral grains 
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Aging s and the precipitated compound in the aged state is evident. Fig. 10 
Aging Be indicates that the solubility of beryllium in iron at low temperatures 
Fs is less than 2.8 per cent. 
; ®: , 7 . 
sass § lron-Titanium Alloys 
rz 
i 
‘ter- : Lamort'® has investigated the equilibrium diagram for alloys 
ro a containing up to 22 per cent titanium, which composition corre- 
? ey ; ° —— ro - 
12 fe sponds very closely to the nonmagnetic compound Fe, Ti. The iron- 
the sovieiaidids 


107 Lamort, “Ueber Titaneisenleg rierung en,”’ Mitteilunges aus lem Eisenhiittenman 


a1ns i hen Is stitut der baniagl techn. Hochschule Aachen. Vol 6. 1915. op 175-185 
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titanium diagram in Fig. 13, as given by Lamort, shows that th, 
melting point of iron is lowered on addition of titanium up to th, 
eutectic composition of 13.2 per cent titanium. 

Lamort reports a solid solubility of 6 per cent titanium in iron, 
and according to his solubility curve in Fig. 13 the solubility does 
not vary with temperature. However, a critical survey of the 


rela- 
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Fig. 13—Iron-titanium Diagram. (Reproduced BY 
from International Critical Tables, 1927, 2.453.) $: 
tively meager data available on these alloys gave promise that age Jy 
hardenable properties might be disclosed. Be 
A series of alloys containing up to 7 per cent titanium was pre- . 
pared by adding ferrotitanium to molten iron in a high frequency Jy 
induction furnace. The alloys contained the following quantities of e 
titanium: 0.5, 2.9, 3.3, 4.0, 4.9, 5.4 and 7.1 per cent. The ferro. [® 
titanium used contained 20 to 25 per cent titanium and substantial E cl 
amounts of aluminum and silicon. The ingots were forged at 1800 JR a 
to 1900 degrees Fahr. (980 to 1040 degrees Cent.), and the rods RR a 
quenched in water from the eutectic temperature of 2370 degrees [i 
Fahr. (1300 degrees Cent.). ; i 


The samples were heat treated and tested in the manner pre- 
viously described for the other alloys. The values at maximum co- 
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ve force for the seven alloys are included in Table I. Age hard- 
ning properties were first observed in the alloy containing 3.3 per 
it titanium. The hardness and magnetic values for this alloy are 


cert 


hhown in Fig. 14. Fig. 15 gives similar values for the alloy contain- 
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Fig. 14—-Change of Rockwell Hardness, Coercive Force and Remanence With Aging 
femperature of Iron-titanium Alloy, 3.3 per cent Titanium. 

Fig. 15—-Change of Rockwell Hardness, Coercive Force and Remanence With Aging 
lemperature of lron-titanium Alloy, 5.4 per cent Titanium. 
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ing 5.4 per cent titanium. The behavior of this alloy is typical of the 
alloys containing over + per cent titanium. 

The maximum Rockwell hardness of this series of alloys as a 
function of the titanium content is shown in Fig. 16. Fig. 17 shows 
the maximum coercive force values obtained. Judged by these two 
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Fig. 16—Maximum Rockwell Hardness of Heat Treated Iron-titanium AI 
loys as a Function of the Titanium Content. 

Fig. 17—-Maximum Coercive Force of Heat Treated Iron-titanium Alloys at 
a Function of the Titanium Content. 





: 
m curves the solubility of titanium in iron is approximately 6 per cent 
< at the eutectic temperature and 3 per cent or less at room temper- 
i atures, 

: In the alloys that were susceptible to age hardening the harden- 


ing began at about 750 degrees Fahr. (400 degrees Cent.) and the 
maximum hardness was found after heating to 1100 degrees Fahr. 
(595 degrees Cent.). At temperatures above 1100 degrees Fahr. 
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(595 degrees Cent.) the hardness decreased. The coercive force oj 
the quenched alloys was around 2 to 5 gilberts per centimeter, and 
remains unchanged at an aging temperature of 1100 degrees Fahr 
(595 degrees Cent.), at which temperature the maximum hardness 
was developed. 

At an aging temperature of 1300 degrees Fahr. (705 degrees 


Cent.) the coercive force of the age hardenable alloys is suddenly 








increased. The temperature of the maximum magnetic hardness 
does not, then, correspond to the temperature of maximum mechan- 
ical hardness, and apparently the precipitated iron-titanium compound 
must have a particle size larger than that of critical dispersion for 
maximum strengthening in order to produce magnetic hardness. 

In general the saturation value decreases with increasing titanium 


content. The remanence increases as the coercive force increases 





It was found that direct aging at 1300 degrees Fahr. (705 degrees 
Cent.), omitting the 1100 degrees Fahr. (595 degrees Cent.) aging, 






produced the higher remanence, whereas aging at 1100 degrees Fahr 
(595 degrees Cent.) previous to aging at the higher temperature 
gave the higher coercive force. 


The photomicrographs shown in Figs. 18 and 19 substantiate the 










hardness and magnetic properties in showing that the solubility of 
titanium decreases with decreasing temperature. 


Properties of Binary Alloys 









Some of the data on binary alloys are summarized in Table I, 
which gives the values for each alloy in the quenched condition, the 
maximum hardness produced by aging, the maximum remanence and 
coercive force produced by aging, and other magnetic values asso- 
ciated with the maximum value of coercive force. The product of 







coercive force by remanence (Hc x Br) is used by some investi- 


gators as a merit index for permanent magnet steels, and is given 












here not because the authors regard it as a true index of quality, but 
merely to enable convenient comparison of our results with values 
published for the magnet steels now used. 

The data given in Table I prove that the increase in coercive 
force, or magnetic hardness, on aging is at least as striking as the 
increase in mechanical hardness. Although the values of remanence 
are slightly lower, the coercive force values of some of these aged 
alloys are higher than are found in any but cobalt magnet steels. 
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4 Table I 


: Hardness and Magnetic Values of Binary Alloys 





ues for Aged Alloys Represent Maximum Hardness, Maximum Remanence, Maximum 
rcive Force and Other Magnetic Values Associated with the Maximum Coercive Force." 


Magnetic Values Associated with 
Maximum Coercive Force 





a Coercive Saturation 
cy Alloy Rockwell Force Bmat H Remanence Hex Bi: 
Ee Per Cent Condition Hardness Remanence He - 1000 Br x 10 
Bs 85 W Quenched iis 6,550 2 17,080** 
; Aged C43 11,320 70.0 16.120 10.900 0.763 
ee 21.1 W Quenched C18 3,340 1.8 17,920** 
bas Aged C48 9,940 85.0 15,050 9.070 0.770 
oe 21.1 W Quenched C19 2,520 2.5 17,440** 
x Aged C50 10,250 102.5 15,130 8,640 0.885 
27.8 W Quenched C21 1,990 3.0 16,350** 
4 Aged C55 7,400 130.0 14,620 6,980 0.907 
x 7.9 Aged C57 6,790 151.0 12,340 6.790 1.020 
3.4. Mo Quenched G25 1,760 2.5 16,750 
Aged C60 8,280 219. 10,600 7.000 1.533 
Aged C59 8,980 207.5 10,320 6,270 1.301 
$s 1.4 Be Quenched C29 1,900 Ld 20,100 
vee Aged C35 4,640 ao 20,150 4,640 0.016 
a 2.8 Be Quenched C41 1,400 4.7 13,500 
Aged C64 9,100 42 15.150 8.700 0.365 
5.2 Be Quenched C51 840 y 12,100 
be Aged C63 7,030 62.5 13,000 7.030 0.440 
“ 5.2 Be Quenched pad 890 5.0 11,380 
Set Aged rhe 6,710 52.5 12,700 6,450 0.338 
= 0.5 Ti Quenched B&4 7,380 4.8 20,330 
aS Aged 387 9,360 5.0 20,650 6,750 0.034 
a 2.94 Ti Quenched B85 1,180 2.) 18,700 
Aged B89 4,860 a 18.600 3.780 0.011 
3.3 Ti Quenched B89 3,800 a5 19,300 
Aged B90 7.060 12.8 18,150 7,060 0.090 
4.0 Ti Quenched C14 2,600 2.3 17,650 
Aged C28 9,500 24.4 15,000 9,140 0.223 
4.9 Ti Quenched C19.5 2,540 3.5 15,580 
Aged C51 8,660 44.5 14,520 8,660 0.385 
5.4 Ti Quenched C19 2,400 2.3 17,450 
Aged C45*** 10,100 48.6 14,900 8.330 0.405 
as Quenched C24 960 3.5 17,900 960 
CSI 7,970 35.5 14,300 7,250 0.401 


Aged 


*The maximum values for hardness, remanence and coercive force are given in the figures. 





s "Shs SAE. =. 2a0. 

Ls *\ maximum hardness of C45 is shown in Fig. 15. Evidently the optimum hardness 
sy value was not developed in this particular bar. 

cS CompLex ALLoys 

i . . 4 
" Several ternary and quaternary alloys were studied, and the re 
‘ sults will be briefly summarized. 

Fe 


: Iron-Tungsten-Cobalt Alloys 


These alloys were made for the purpose of investigating age 
hardening effects in alloys consisting of tungsten in the iron-cobalt 
combination 65 iron and 35 cobalt, which is known to have a re- 
markably high saturation value. 
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Fig. 18—lIron-titanium Alloy (5.4 per cent Titanium) 
grees Fahr.- * 100 
Fig. 19——lron-titanium Alloy (5.4 per cent Titanium) As-Forged. 
Fig. 21—-Iron-cobalt-tungsten Alloy (27.7 per cent 







As-quenched from 2370 De 


100 
















Tungsten, 24 per cent Cobalt) 4 

As-quenched from 2600 Degrees Fahr. x 600 i 
Fig. 22——Iron-cobalt-tungsten Alloy (27.7 per cent Tungsten, 24 per cent Cobalt) a 
After Extended Aging at 1950 Degrees Fahr. x 600 ae 
‘a 





Two alloys, one containing 27.7 per cent tungsten, the other 21.1 
per cent tungsten, balance iron and cobalt in the ratio mentioned 
above, were prepared in the Arsem furnace. The ingots were diffi- 
cult to forge, but could be flattened to a blank, from which test bars 







were ground. The bars were quenched from 2600 degrees Fahr. ai 
(1430 degrees Cent.). % 
The values obtained for the bars as quenched and after aging Z 


are summarized in Table II, and the values obtained for the 27.7 
per cent tungsten alloy are plotted in Fig. 20. Both alloys exhibit 
age hardening effects, the one with the higher tungsten content 
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reaching a hardness of C67 upon aging at 1100 degrees Fahr. (595 
degrees Cent. ). 

The coercive force of these alloys displays a rather remarkable 
behavior, as it decreases after reaching a temperature of 800 degrees 
Fahr. (425 degrees Cent.), and is at a minimum as the hardness 
attains its maximum, analogous to the phenomena observed in binary 
iron-titanium alloys. For further increase in aging temperature the 
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Fig. 20—Change of Rockwell Hardness, 
Coercive Force and Remanence with Aging 
Temperature of Iron-cobalt-tungsten Alloy 


7 7 


(27.7 per cent Tungsten, 24 ver cent Co 

balt.) 
coercive force rises rapidly. For the alloy of higher tungsten content 
a meximum coercive force of 150, or the same as observed for the 
binary alloy, is found, but due to the presence of cobalt the value 
for remanence is considerably higher, namely, 9600 as compared with 
7000 for the binary alloy. 

Photomicrographs of the 27.7 per cent tungsten alloy are shown 
in Figs. 21 and 22. A number of kernel-like areas appearing in the 
quenched alloy, Fig. 21, indicates that complete solid solubility does 
not exist. Fig. 22 shows the alloy after an extended aging at 1950 
degrees Fahr. (1065 degrees Cent.), the structure resembling that 
of a carbon tool steel with spheroidized cementite. 

A number of alloys of varying tungsten and cobalt content were 
melted in air in the high frequency furnace. These alloys as cast in 
chilled molds can be aged directly, omitting the quenching operation. 
By this method could be produced tools for cutting hard rubber, and 
very promising performances were obtained from such tools. 


Iron-Tungsten-Nickel Alloys 


Several alloys of this type were made in an attempt to substitute 
nickel for cobalt. It was believed that even if magnetic properties 
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Table II 


Hardness and Magnetic Values of Complex Alloys 
Values for Aged Alloys Represent 
Coercive Force and Other 















Maximum Hardness, Maximum Remanence, Maxin 
Magnetic Values Associated with this Coercive Force 










Magnetic Values Associated wit 
Maximum Coercive Force 































Coercive Saturation 

Alloy Rockwell Force Bm at H Remanence Hex RP 
Per Cent Condition Hardness Remanence He 1000 Br x lI 
27.7 W Quenched C39 5,000 42.0 15,700 

-4.0 Co Aged C67 10,000 148.6 16.500 9,600 .42 
22.1 W Quenched C33 6,320 38.6 17,380 
26.5 Co Aged C63 10,850 106.2 14,460 8,070 0.858 
19.2 Mo Quenched C43 4,340 62.7 12,750 
23.3 Co Aged C66 7.010 128.6 12,900 6.050 0.77 
20.0 W Quenched ao 5,310 36.6 16,930 

6.0 Mn 





6.0 Co Aged C63 8,560 150.0 






13.600 6.550 


U.YROD 


were low, interesting hardness characteristics might be obtained 


Uhe results were, however, disappointing insofar as the alloys did no‘ 
display age hardening properties. 


lron-Molybdenum-Cobalt Alloys 





The same proportion of iron and cobalt mentioned above was 
used in an alloy containing molybdenum. The intended composition 
was 24 per cent of molybdenum and 26,5 per cent of cobalt, but an 
alysis indicated only 19.3 per cent molybdenum and 23.3 per cent 
cobalt. 

Difficulty was experienced in the forging operation and only 
one test bar could be made from this melt. The results for the as 
quenched and aged bar are shown in Table IT. 








As will be seen, the 
alloy is similar in its properties to the corresponding tungsten alloy, 
except for the lower saturation flux density, which may be partly 
accounted for by the unsoundness of the bar. 


Ternary Tron-Titanium . llloys 


A few ternary iron-titanium alloys were prepared. Addition of 
chromium or manganese in amounts of 3 to 4 per cent show little of 


interest in magnetic respect. The coercive force increases some- 


what by the addition of tungsten, but at the same time a decre 
remanence takes place. 







ase in 
An iron-titanium-cobalt alloy was found to 
retain its hardness at elevated temperatures to a remarkable extent. 


One iron-titanium-carbon alloy, analyzing 4.4 per cent titanium 
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| 0.69 per cent carbon, was also made. ‘The maximum hardness 


tained in this alloy by any heat treatment was C27, indicating that 






t this composition we are entirely in the alpha range. 






Other Tv pes of y llloys 









Several types of quaternary alloys have been more or less 


ae a Sete eee? 
‘Na ac. 5 ARs ae ee 





poradically investigated. Only one type of such alloys will be de- 






' scribed, namely, the iron-tungsten-cobalt-manganese alloys. ‘Ternary 

i alloys of iron-tungsten-cobalt as mentioned above are practically un- 

. forgeable. By adding a small percentage of manganese, these alloys 

4 are rendered forgeable. Forgeable alloys of this class can be pro- 

; duced which will give a Rockwell C hardness of around 70, and may 

a find application for special type of tools. 

a Some of the values obtained for an alloy containing 20 per cent . 






tungsten, 6 per cent manganese and the balance iron and cobalt in the 





— 
fis iacina!, 


ratio 65 to 35 are listed in Table II]. It appears that whereas man- 






eanese in the amount added tends to give less marked minimum in 






i the coercive force curve, the maximum value is higher than for a 






corresponding manganese free alloy. Saturation and remanence are, 








however, lowered by the addition of manganese. 








DISCUSSION 








For only three of the numerous alloys described in the preced- 






ing do we know the composition of the precipitated compounds, 






namely, for the binary iron-tungsten alloys (Fe,W.,), iron-molybde 






num alloys (Fe,Mo,) and iron-titanium alloys (Fe,T1). 






Assuming that the precipitation of an intermetallic compound 





produces a coercive force, an attempt has been made in the follow- 






ing to correlate the coercive force obtained in dispersion hardened 









binary alloys with content of age-hardening element and the com- 






position of the precipitated compound. 





It appears that the maximum coercive force in an age-hardened 





binary alloy, the composition of which is within the range of maxt- 





mum solid solubility, is proportional to the “effective” percentage of 





the alloying element, by which is meant the actual percentage dimin- 





ished by the room temperature solubility. This principle will be 






applied to the iron-tungsten alloys. 
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lron-Tungsten Alloys 


Cpe et 


yee oh. waa bi 


The room temperature solubility of tungsten in iron is 8 per cent, 


and we have them according to the results obtained in this paper. 





Per Cent **Effective”’ Max. Coercive 












Alloy No. ‘Tungsten Percentage Force Obtained 
] 18.5 10.5 70.0 
2 21.1 13.1 102.5 
3 27.9 19.9 151.0 








Assuming the coercive force to be proportional to the “effec 


ee 


tive percentage,’ the coercive forces of alloys No. 1 and 2 are cal 








culated below, based on the value obtained for alloy No. 3 (See 
Table 1). 
Alloy No. 1: ; 
10.5 
He ion > = 7/97 (observed value 70) 
1D.D nen j 
Alloy No. 2: 
13.1 
Hc = 151 > = 99.5 (observed value 102.5) 



















19.9 





The calculated and observed values agree within the expected 
accuracy, and this method evidently offers a means of following the 
aging procedure in these alloys. 

Whereas for one type of alloy, such as the iron-tungsten alloys, 
the coercive force is proportional to the effective percentage of the 
alloying element (tungsten) or precipitated compound (Fe,W.,), 
it appears that the coercive force in binary alloys is determined by 
the ratio of the “effective percentage” of the age-hardening element 
to the molecular weight of the precipitated compound, provided, of 





















course, that the compound is precipitated in a form that produces 3 
a coercive force. 4 
We will briefly illustrate the consequence of this conception J 
for iron-molybdenum and iron-titanium alloys. z 
lron-Molybdenum Alloy a 
The room temperature solubility of molybdenum in iron is 6 2 
per cent. For the alloy reported in Table I we have: zg 
Per Cent Effective Max. Coercive s 
Molybdenum Percentage Force Obtained ea 
23.4 17.4 219 i 

Molecular weight of the compound Fes,We: 535.4 

Molecular weight of the compound Fe,Mos: 359.4 
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Based on the value of He 151 observed for iron-tungsten 






























er cent. 4 alloy No. 3, we find by applying the rule given above: 
aper, 4 35.4 
cive a He = 151 K —> 197 (observed value = 219) 
lined a 19.9 359.4 
# Tron-Titanium Alloy 
“effec J Scie a a 
re cal a From the results obtained in this investigation, it appears that 
. ie. i the room temperature solubility of titanium in iron is around 3 per 
7 cent, and that the maximum of solid solubility may be roughly esti- 
mated at 6 per cent in agreement with the findings of Lamort. 
4 The maximum effective percentage in iron-titanium alloys will, 
therefore, be around 3 per cent. 
3 The molecular weight of the compound Fe,Ti = 215.4. 
rs By calculating as described under iron-molybdenum alloy we 
| 4 find : 
3 3.0 535.4 
3 He = 151 kK — &K —— = 56-4 (observed max. 50 — 55). 
pected es Max. 19.9 215.4 2 = 
ne the 4 
; These calculations are as yet only speculative, and sufficient 
alloys. ‘ data are not at hand to definitely prove or disprove the validity of the 
f the 7 conceptions set forth. 
»W,2), d CONCLUSIONS 
ed by = 
ement  § 1. The relation of magnetic properties to physical hardness 
‘d. of has been investigated for quite a number of age-hardenable alloys, 
duces and the fact has been established that permanent magnets can be 
produced by age-hardening of carbon-free iron alloys. 
ption 2. A binary iron-tungsten alloy shows a good combination of 
coercive force and remanence. 
3. A binary iron-molybdenum alloy exhibits the highest co- 
ercive force of the alloys investigated. 
So 4. An iron-beryllium alloy attained the greatest hardness of 
IS 0 





the binary alloys. 
5. Binary iron-titanium alloys display age-hardening proper- 
ties and in magnetic respect behave in a rather irregular manner. 
6. Quite a number of ternary and quaternary age-hardenable 
alloys have been investigated. Ternary alloys of iron-tungsten-cobalt 





“— > 
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and iron-molybdenum-cobalt show unusual age-hardening proper- 
ties. Iron-tungsten-cobalt alloys exhibit the best magnetic character- 
istics of any of the alloys investigated and are superior to any other 
permanent magnet material with the exception of cobalt magnet steel 

7. In general all of the alloys which show age-hardening prop 
erties exhibit a change in coercive force and remanence upon aging. 
This phenomenon is evidently typical for these alloys. An increase 
in coercive force is, however, by no means coincident with the in- 
crease in hardness, and the two properties may within certain tem- 
perature ranges undergo changes in opposite directions. In view 
of this, present conceptions concerning the relation of coercive force 
to physical hardness of permanent magnets will need modification. 
The results arrived at show that permanent magnets possessing prom- 
ising characteristics may be produced from carbon-free age-hard- 
enable iron alloys, which offer an interesting field for further ex- 
plorations. 
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DISCUSSION 



















Written Discussion: By W. P. Sykes, metallurgical engineer, Incan 
descent Lamp Department, General Electric Company, Cleveland. 

The authors have made a valuable contribution to our knowledge of physi- 
cal metallurgy. It is from such data as this that we may hope to arrive at a 
more complete understanding of the physical laws governing the structure of 
metals and alloys. 

[ should like to call attention to one or two points which may have some 
significance in connection with the hardening of the binary alloys described 
in this paper. The micrographs indicate that the iron-rich solid solutions of 
beryllium and titanium are both relatively coarse-grained in the quenched 
state. From this we may conclude that these compositions lie within the field 
of the body-centered cubic lattice and that no transformation occurs during cool- 
ing in the iron-rich solid solutions. 

In this respect then these alloys are similar to the iron-rich solid solutions 
in the iron-tungsten and iron-molybdenum systems. 

Moreover the iron-beryllium alloys develop a secondary hardness of the 
same magnitude as the above mentioned alloys (Rockwell C55 to C65). 
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per cent tungsten, 25 per cent cobalt and 45 per cent iron. This alloy as { 


by pressing the mixed powders, sintering at about 1450 degrees Cent. (264 
degrees Fahr.) in a hydrogen atmosphere and quenching from this tempera 


ture showed a Rockwell hardness of C38. After aging at 500 degrees Cen 


(930 degrees Fahr.) for one hour the hardness had increased to C64. At th 
end of 10 hours the hardness measured C68 and after 100 hours at 500 degrees 


Cent. (930 degrees Fahr.) the alloy had developed a hardness of Rockwell C7\ 

This same hardness value of C70 is obtained by aging at 600 degrees Cent 
(1110 degrees Fahr.) for one hour. It is interesting to observe in addition 
that this hardness has not decreased more than one point (to C69) after 25 
hours at 600 degrees Cent. This fact indicates a considerable stability at ek 
vated temperatures. 

[In the microstructure of an alloy such as I have described, we find that 
in the quenched state the iron-rich ground mass has what might be called 
martensitic structure. This is doubtless the result of the presence of cobalt 
which tends to keep the iron in the face-centered cubic form at the quench 
ing temperature even in the presence of 30 per cent by weight of tungsten. In 
this instance, then, we have initially a “fine-grained” ground mass or solid 
solution upon which to superimpose the additional precipitation hardening 
produced by subsequent aging. This is a vastly different state of affairs than 
that which exists in the binary iron-tungsten and iron-molybdenum alloys in 
which the solid solution is always extremely coarse-grained due to the absence 
of any transformation during the quench. 

The accompanying microphotographs illustrate the acicular structure oi 
the solid solution in such an alloy as quenched. In one case the alloy has been 
formed in the solid by the sintering process and in the second case the alloy 
was made by melting. 


Authors’ Closure 


The authors wish to thank Mr. Sykes for his carefully prepared and in- 
teresting discussion. He touches on several points which are of great im- 
portance in connection with the present paper and to which the authors have 
given considerable thought. 

The iron-rich solid solutions of iron-beryllium and iron-titanium alloys 
are both relatively coarse-grained in the quenched condition. The large grain 
size and the inherent brittleness of heat treated carbon free iron-titanium alloys 
constitute the main objections to their practical application. Two iron-titanium 
melts, analyzing 4.9 and 5.5 per cent titanium respectively, were made on a 
semi-commercial scale and cast into ingots approximately six inches square, 
weighing around 100 pounds each. The ingots could be readily forged to the 
desired dimensions, using quite heavy reductions. However, test bars quenched 
after various periods of heating at the temperature required to bring the iron 
titanide into solution, all possessed a coarse grain structure, and considerable 
difficulty was experienced in the various machining operations performed on a 
quenched test block. 

An attempt was made to refine the grain structure by the addition of ele 


ments such as chromium, cobalt and manganese. Manganese appeared to act 
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erain refiner, but the practicability of producing ternary age hardenable 
n-titanium alloys with a refined structure was not investigated in detail. 


R. Wasmuht* in a recent article states that age hardened iron-titanium alloys 


taining silicon may be refined without reducing the precipitation hardness 
y the addition of manganese, nickel or chromium. 
Mr. Sykes brings out in his discussion that it may be concluded, based 


on the coarse-grained structure in the quenched condition, that no transformation 


urs in the iron-rich solid solutions of beryllium and titanium during cool- 

No doubt the transformations indicated in the iron-beryllium and the 
Tables, Vol. 2, 1927, p. 
An article by Wever” has 


(See International Critical 
13 of this paper) will need revision. 





Alloy of Iron-Cobalt and Tungsten as Cast. 


The Intended Composition was 30 per cent 
Tungsten, 24.5 per cent Cobalt and 45.5 per 
cent Iron. X 500 


recently come to our attention. He gives a closed gamma region for iron-beryl- 
lium alloys, and the limit of the existence of the gamma phase as approximately 
0.4 per cent beryllium. A further study of transformations in iron-titanium 
alloys should also be of considerable interest in connection with the observed 
anomalous magnetic behavior. 

The exact solid solubility-temperature curve as well as transformations 
should preferably be determined in ailoys of higher purity than the ones used 
for the present investigation. Our source of ferrotitanium contained substantial 
amounts of aluminum and silicon. The absence of transformations in the iron- 
rich solid solutions of binary iron-tungsten, iron-molybdenum, iron-beryllium 
and iron-titanium alloys would simplify the classification of such alloys. 


1R. Wasmuht, “Die Ausscheidungshartung des Ejisens durch Titan,’’ Archiv fiir das 
Eisenhiittenwesen, Vol. 5, 1931-32, p. 45-56. 


F. Wever, Uber Eisen-Beryllium- und Eisen-Bor-Legierungen und die Struktur des 
Eisenborides,”’ Zeitschrift fiir Technische Physik, Vol. 10, 1929, p, 137-138. 


TRANSACTIONS OF THE 


The question of the relationships which may or may not exist between the 


properties of the aged alloys and the quantity and nature of the precipitated 


compound is a very difficult one. In the present paper an attempt has beep 


made to correlate the coercive force with the “effective percentage” of the added 
element and the molecular weight of the precipitated compound. 


Although the 
authors consider their tentative calculations to be of 


little actual value, it js 
hoped that some investigator may find this phase of the subject to be of in- 
terest after further data have been collected. If a relationship does exist, jt 


should, in our opinion, be based mainly on the quantity of the precipitated 


phase, and probably the relative volumes occupied by the precipitated compound 


and the iron-rich ground mass will play an important part. 

Mr. Sykes has also studied iron-tungsten-cobalt alloys of the composition 
described in this paper, and his data are in good agreement with those reported 
by the authors. We note with great interest his explanation of the micro 
structure of quenched iron-cobalt-tungsten alloys as due to the presence of a 


transformation during quenching. Our Fig. 21 represents a forged alloy con- 


taining 27.7 per cent tungsten, 24 per cent cobalt, and balance iron, after quench- 
ing from 2600 degrees Fahr. (1425 degrees Cent.). 


The accompanying photo- 
micrograph shows the microstructure of another alloy of intended composition 


30 per cent tungsten, 24.5 per cent cobalt and balance iron, as cast in a chilled 


mold at a rapid rate of cooling. The acicular structure of this alloy resembles 


that of an alloy of corresponding composition given by Mr. Sykes in Fig. 2 as 


alloy formed by melting and quenched from 1450 degrees Cent. (2640 degrees 
Fahr.). 
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ALLOYS OF IRON, MANGANESE AND CARBON—Part | 
Preparation of Alloys 
$y Francis M. WALTERS, JR. 


Abstract 


Despite the importance of manganese as an alloying 
element, comparatively little systematic investigation has 
been made of the iron-manganese-carbon system. 

The materials used in the preparation of the alloys were 
distilled manganese and electrolytic tron melted in vacuo. 

The alloys were melted in an induction furnace under 
argon at atmospheric pressure, because of the high vapor 
pressure of manganese. Commercial argon was purified 
by passing over red-hot metallic calcium and copper oxide, 
and through absorbents for water and carbon dioxide. 
The melts were allowed to freeze in the furnace. 

The crucibles were of c.p. magnesium oxide and were 
fired in an induction furnace. 

The melts, if not overheated, lost little manganese. 
Over twenty melts with carbon 0.02 per cent or less have 
been made for 0 to 100 per cent manganese, and about 
twenty more have been made with various percentages of 
carbon up to 1.65 per cent. 


INTRODUCTION 


HE importance of manganese as an alloying element with iron 
is generally recognized. The relative cheapness of manganese 
and the remarkable properties which it confers upon iron make it 
seem strange that its practical applications should be limited to low 
percentages and to steels of the Hadfield type. The interest in 
manganese is even greater from the scientific point of view than from 


the practical. Until a few years ago, manganese and iron were 


The work here described is in cooperation with the Iron Alloys Committee 
of the Engineering Foundation, whose support is gratefully acknowledged. 
Acknowledgment is made to those who kindly read the manuscripts which have 
been approved for publication by the Metallurgical Advisory Board. 

A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author, Francis M. Walters, Jr., 
is a member of the society and is director of the Bureau of Metallurgical Re- 
search, Carnegie Institute of Technology, Pittsburgh. Manuscript received 
June 9, 1931. 
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generally supposed to form a “continuous series of solid solution 
but the work of Wohrman* and the work of various investigators 
in the field of X-rays have shown that the alloys of iron and man- 
ganese are far from simple. 

Relatively little work has been done on the iron-manganese-car- 
bon system. A large part of the work that has been carried out has 
been from the practical standpoint, and the purity of the alloys studied 
has been only that which might reasonably be obtained in commercial 
practice.* The most important investigation in which an attempt was 
made to prepare really pure alloys of iron, manganese, and carbon, 
was that carried out at the Bureau of Standards.* In this investiga- 
tion, however, the maximum manganese content was 2 per cent. It 
is not surprising that more work has not been done on the prepara- 
tion of pure iron-manganese alloys when the difficulties experienced 
in the purification of manganese are understood. Methods success 
fully applied to other elements proved tedious or impossible in the 
case of manganese. It was not until the application of the high fre- 
quency induction furnace that the method of distillation® became 
practical for the preparation of pure manganese for an extensive 
experimental program. 

[t is unfortunate that the study of the various properties of al- 
loys has been carried out by as many different workers as there have 
heen properties studied. One man has studied the mechanical prop- 
erties of a given series of alloys, another has determined the electrical 
characteristics of the same alloy but on a different series of melts, 
while still another has studied the magnetic properties ; so that, when 
any attempt is made to correlate the data, surprising discrepancies 


1C. R. Wohrman, “Heterogeneity of Iron-Manganese Alloys,’’ Technical Publication No. 
14, American Institute of Mining and Metallurgical Engineers, 1927. 














*“E. C. Bain, ‘‘Nature of Solid Solutions,’”’ Chemical and Metallurgical Engineering 
Vol. 28, No. a 1923, p. ass 

Winfried Schmidt, ‘‘X-ray Investigations of the Iron-Manganese System,” Archiv fiir 
las Eisenhiittenwesen, Vol. 3, October 1929, p. 293. 

Einar Ohman, ‘‘X-ray Investigations of the Iron-Manganese System,” Zeitschrift fii 
Physikalische Chemie, Abt. B, Vol. 8, June 1930, p. 81. 


8Sir Robert Hadfield, ‘“‘Alloys of Iron and Manganese Containing Low Carbon,” 
Journal, Iron and Steel Institute, Vol. 115, 1927, p. 297. 


*Robert P. Neville and John R. Cain, ‘Effects of Carbon and Pure Manganese on the 
Mechanical Properties of Pure Iron,’’ Bureau of Standards, Scientific Papers, No. 464, Vol. 
18, 1923, p. 411. 

Henry S. Rawdon and Frederick Sillers, “‘Effect of Manganese on the Structure ot 
Alloys of the Iron-Carbon System,” Bureau of Standards, Scientific Papers, No. 464, Vol. 
18, 1923, p. 637. 


‘Marie L. V. Gayler, ‘‘Preparation of Pure Manganese,” Journal, Iron and Steel In 
stitute, Vol. 115, 1927, p. 393. 
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arise, and it is frequently impossible to determine the source of error. 


\When the program for the study of the iron-manganese-carbon sys- 
tem was laid out, two things were kept in mind; one was to prepare 
as pure alloys as was possible, without falling too far behind in the 
melting program, and the other was to study as many of the prop- 
erties of the alloys as possible. Progress has necessarily been slow 
hecause of the readiness with which manganese reacts with oxygen 
and nitrogen and because of its relatively high volatility and conse- 
quent rapid vaporization when heated in vacuo. These difficulties 
made it necessary to design and build special equipment. All the 
manganese used in the preparation of the alloys was purified by dis- 
tillation in vacuo and the alloys were melted under an inert gas at- 
mosphere. Studies of the alloys at elevated temperatures must be 
carried out in vacuo or under an inert gas atmosphere. The prob- 
lem is further complicated because the alloys readily attack silica, 
making it necessary to use silica-free refractories throughout the 


work. 
MATERIALS USED 


The manganese used in the preparation of the alloys was dis 
tilled in the furnace described by Friauf.* A five-pound charge of 
“thermit”” manganese (95 to 97 per cent) yielded two pounds of dis- 
tillate of satisfactory purity. 

The electrolytic iron used was produced by the Niagara Electro- 
lytic Iron Company and according to their analysis contained car- 
bon 0.010 per cent, sulphur 0.003 per cent, phosphorus 0.003 per cent, 
silicon 0.003 per cent, and copper 0.010 per cent. Spectroscopic ex- 
amination of this iron showed that it was unusually pure electrolytic 
iron. Cleaning of the electrolytic iron was effected in some cases by 
grinding off the oxide on the surface and in others by pickling in 
hydrochloric acid. The iron, after cleaning, was melted in the 
vacuum high frequency induction furnace with sufficient carbon to 
combine with the small percentage of oxygen usually found in electro- 
lytic iron. The pressure in the vacuum furnace was less than 0.01 
millimeter when the power was shut off at the conclusion of the melt. 
The iron then contained 0.01 or 0.02 per cent carbon. It seemed 
better to retain a small amount of carbon than to have an unknown 
amount of oxygen. In some cases it should be possible to estimate 





‘James B. Friauf, “The Purification of Manganese by Distillation,’’ TRANSACTIONS, 
American Society for Steel Treating, Vol. 18, 1930, p. 1248. 
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the effect of small amounts of carbon by comparison with the effect 
of larger percentages. 
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The iron-carbon alloys were prepared by melting electrolytic iron 
in an open induction furnace under an atmosphere of natural gas, 


When no addition of carbon was made, about 0.8 per cent carbon was 
picked up from the gas. 
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It was usual, however, to add enough sugar 
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Fig. 1—Vacuum High 
Frequency Induction Fur- 
nace with a Charge of 
Electrolytic Iron. 

















charcoal to secure an alloy containing about 4 per cent carbon. The 
natural gas, when tested, was found to be free from sulphur. The 
iron-carbon alloys also were remelted in the vacuum furnace. The 
pressure at the conclusion of the melt was not as low as in the case 
of the low carbon alloys. The yield from the vacuum melting of the 
electrolytic iron was low—about five pounds was packed in the cru- 
cible and about three melted. Sublimation of the iron accounted to 
some extent for the sticking of the iron to the top of the crucible. 


The high carbon iron melts usually were completely melted in the 
vacuum furnace. 
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Crucibles 


The practice in preparing crucibles is, in general, that recom- 
mended by the Bureau of Standards.*. The material from which the 
crucibles were prepared was chemically pure magnesium oxide. The 
magnesium oxide, as received from the manufacturer, was packed 
in a large graphite crucible. The process of packing (dry packing) 
reduced the volume 75 per cent. 
quency induction furnace to as high a temperature as that used for 


It was then fired in a high fre- 


firing the crucibles; there was a further shrinkage of some 80 per 
cent. This material was ground in a ball mill with flint balls to a 
fineness of 75 to 200 mesh. The finely divided magnesium oxide was 
usually moistened with a 50 per cent solution of magnesium chloride. 
Just enough of the solution was added so that the magnesium oxide 
particles stuck together when squeezed between the fingers. It was 
then packed in a graphite crucible around a split, wooden form which 
could be withdrawn after the packing was completed. The crucibles 
used in melting the alloys were about six inches deep and 3% inches 
in diameter. The outside was cylindrical while the inside was slightly 
tapered in order to give a greater wall thickness at the bottom. With 
crucibles of this size, it is difficult to withdraw a one-piece mandrel, 
although this method is entirely practical for crucibles of smaller di- 
ameter. 

The furnace used for firing the crucibles is shown in Fig. 1. 
The large outer crucible serves as the heater and, while the graphite 
crucible containing the magnesium oxide crucible to be fired might 
have been packed directly in the lampblack which is used for ther- 
mal insulation, packing and unpacking the furnace would then have 
been a messy operation and venting the furnace could not have been 
done as conveniently as in the method which was adopted. In firing 
the crucibles, the power was started at 8 kilowatts and held until the 
interior of the furnace was bright red, then the power was raised 
and held until a vigorous sodium flame appeared at the top of the 
chimney. The power was increased again when the flame became 
white, indicating that the reaction between the magnesia and the 
graphite had started,® and held at 14 kilowatts until the reduction of 





‘Louis Jordan, A. A. Peterson, and L. H. Phelps, “‘Refractories for Melting Pure 
Metals, Iron, Nickel, Platinum,’ Transactions, American Electrochemical Society, Vol. 50, 
1926, p. 155. 





SPaul Lebeau, “Sur la Réduction de la Magnésie par le Charbon,” Comptes Rendus, 
Vol.. 144, 1907, p. 799. 
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the magnesium oxide had become so vigorous that the chimney 
came clogged two or three times by the magnesium oxide formec 
contact with the air. This description of the firing operation sho. .{d 
make it obvious that no definite information could be obtained in 
gard to the temperature at which the crucibles were fired. The cry 
cibles were allowed to cool in the furnace over night. 


The firing shrinkage of well-sintered, closely packed materia! 
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Fig. One of the High Frequency Induction Furnaces 
Used for Firing the Magnesium Oxide Crucibles. The Cross 
Section Shows a Crucible Ready for Firing. 


amounted to about 7 per cent of the diameter of the crucible, so that 
there was no difficulty in withdrawing the fired crucibles from rea- 
sonably good graphite forms. 

The crucibles could be used only once since all the melts were 
furnace-cooled and the unusually large thermal expansion of the 
magnesium oxide caused the crucible, on cooling, either to crack or to 
be in such a strained condition that it was practically impossible to 
remove the ingot without destroying the crucible. Crucibles which 
were used for iron-manganese melts were reground and again made 
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crucibles. The average loss in magnesium oxide was about 10 

cent. 

Recently, considerable trouble was experienced with the spalling 
of the crucibles on the inside. To remedy this difficulty, various 
methods were tried: varnishing the wooden form and polishing the 
inside of the graphite crucible, the use of dilute hydrochloric acid and 

‘ sodium chloride instead of magnesium chloride in moistening the 
magnesium oxide before packing. Each of these remedies was suc 
cessful the first two or three times that it was tried and then the 
trouble reappeared. Finally, it was found that the addition of about 
0.5 per cent of borax as a binder in addition to the usual quantity of 
magnesium chloride overcame the spalling. Spectroscopic analyses 
of typical melts made in crucibles prepared with borax failed to re- 
veal any boron pick-up. 

Two high frequency induction furnaces were used for crucible 
firing, one in which the lining graphite crucible was 6x12 inches and 
the other in which the lining crucible was 8x14 inches. The larger 
furnace was used for firing the crucibles used in manganese distilla- 
tion and the outer magnesite crucibles used for protection and thermal 
insulation in the vacuum furnace. The firing time for this furnace 
was about two hours, although the crucibles fired in it were not car- 
ried to so high a temperature as was used for the crucibles prepared 
for melting. 


Description of the Argon Furnace 


The furnace used for the preparation of the alloys consists of a 
fused quartz tube, 24 inches long and 10 inches in diameter, closed 
at the bottom by a water-cooled brass casting and at the top by a brass 
ring and a water-cooled cover. The bottom and the ring are sealed 
to the silica pipe by means of a vacuum treated, gutta-percha, resin 
cement. Between the ring and the cover is a ground joint which is 
sealed with stop-cock grease. The coil has three water connections 
which are led out through the side of the silica pipe through one-inch 
holes. These outlets are sealed by rubber gaskets, made vacuum-tight 
by shellac, if necessary. The coil rests on a fused quartz plate which 
is supported on a magnesite cylinder. Zirconium silicate cement is 
used to separate the turns of the coil, is smeared over the coil inside 
and outside, and is used to close the space between the bottom of the 
coil and the quartz plate. The cover contains a glass-covered peep- 
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hole in the center and the outlet to the vacuum pump and the a1 
purification system. It would have been better had this outlet bh 
in the bottom plate, since if it were in this position, it would be 
necessary to disturb this connection in opening the furnace, and a 
larger tube could be used than is convenient when it has to be flexible 
In charging the furnace, the crucible was placed in the center of the 
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Fig. 3—High Frequency In PS 
duction Furnace Used for Pi 
Melting Under a Controlled BP 
Gas Atmosphere. 





coil and the pieces constituting the charge packed into the crucible in 
such a manner as to insure their settling as the melting progressed. 
The necessity for careful arrangement of the charge is well recog- 
nized by every user of high frequency induction furnaces. It 1s es- 
pecially important in the case of vacuum melting or in a furnace such 
as this where it is impossible to push the charge down during the 
course of the melt. The crucible was covered with a lid having a 
chimney two inches high. Twenty mesh electrically fused alumina 
was packed on all sides of the crucible and on the cover. Experience 
with the vacuum furnace shows that the fused alumina adsorbs much 
less gas than fused magnesia. 
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When the furnace was closed, it was evacuated to about | mil 
imeter and filled with purified argon; 8 kilowatts were applied for 
about ten minutes. This was sufficient to bring the charge to a red 
heat. The furnace was again evacuated and filled with argon to a 
pressure of a few centimeters less than atmospheric pressure. This 
slight difference in pressure was sufficient to prevent any sudden 
heating of the gas in the furnace from lifting up the cover and con 
taminating the argon. The power input was started at 8 kilowatts 
and raised 2 kilowatts every ten minutes until between 14 or 16 kilo 
watts were reached, depending on the melting point of the charge. 
The power was held constant until the charge was completely molten, 
continued for five or ten minutes thereafter to insure mixing, and 
then reduced to a value which would hold the melt just below its 
freezing point. Power was held at this point for fifteen or twenty 
minutes and then cut off. The melt could be removed about two 
hours after the power was shut off. 

Those ingots, made in crucibles covered with a lid containing a 
peep-hole, had pipes at the side of the ingot while the melts made 
with a crucible entirely surrounded by alundum were free from them. 
However, when melting is carried out blindly, the charge may not be 
completely melted, or if the power is kept on long enough to insure 
complete melting, the temperature is likely to go so high as to cause 
contamination of the melt by the crucible, as was the case in two or 
three preliminary runs made with completely covered crucibles. 

The largest melt which can be made in this apparatus, with the 
assurance that all the charge will drop into the melt, is five pounds. 
The smallest melt which can be made reliably is two pounds. The 
smaller melts were made in the high manganese range to economize 
on manganese and because the studies which could be made of these 
alloys were limited. If the melting went according to schedule, the 
loss of manganese by vaporization and of carbon through reaction 
with the crucible were fairly predictable. In weighing up the charge, 
an allowance for the loss of 0.1 per cent carbon was made (0.1 per 
cent of the total charge) and for a loss of 10 per cent of the man- 
ganese charged. A list of the melts? which we have made is given in 
Table I. 


Carbon was determined by the ordinary direct combustion 





*Melts A-1 to A-36 were analyzed by Mr. Maxwell Gensamer, and melts A-37 to H-2 
were analyzed by Mr. Cyril Wells. Mr. Gensamer and Mr. Wells assisted in their prepa- 
ration. 
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Table I 
Alloys Made 1929-1931 


Per Cent Carbon ’er Cent Manganese 
Top Bottom . Bottom 
0.008 0.006 
0.012 0.015 
0.015 0.013 
0.020 0.020 
0.042 0.040 
0.017 0.016 
0.029 0.028 
0.021 0.020 
0.015 0.013 


~022 
.012 
.008 
ae 
.010 
.014 
}.03 
~008 
-02 


34 
.003 
.03 
01 
.015 


68 0.76 
26 1.235 
021 021 
.O1 .O15 
.44 SZ 
.09 93 
ool Seno 
.03 Loe 
.025 0.016 
. 34 econ 
.47 0.51 


A 
A 
A 
A 
A 
A 
A-7 
A 
A-' 
A 
A 
A-1: 
A 
A 
A 
A 
A- 
A- 
A 
A- 
A-2: 
A-2¢ 
A-2!5 
A- 
A- 
A-2 
A-2§ 
A-: 
A-3 
A-3 
A-. 
A-; 
A-2 
A-3 
A-3! 
A-3 
A 
A 
A-é 
A-4. 
A-4: 
A-4! 
A 


H 
H 


F—used drillings from forged bar. 
B—pulverized sample used. 
D—drillings from ingot used. 
S—used thin slice sample. 


method, using ascarite for absorbing the carbon dioxide. The blank, 
usually of the order of about 0.2 milligrams, was determined and sub 
tracted. 

The method used for the determination of manganese is that of 
the Bureau of Standards’® for the analysis of spiegeleisen. The 
method is a modification of the bismuthate method as described by 

10*Modified Bismuthate Method for the Determination of Manganese in Spiegeleisen,” 


Bureau of Standards certificate of analyses for Standard Sample No. 66, Spiegeleisen, 
February 11, 1925. 
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the same as given by Cunningham and Coltman. 
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imningham and Coltman."* In the case of the pure alloys, the solu- 
n of the sample was easily accomplished by dissolving directly in 
itric acid (sp. gr. 1.135). The remaining procedure was practically 


\nalyses for carbon and manganese were made on all the alloys, 
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Fig. 4—Apparatus for the Purifica 
tion and Storage of Helium and Argon. 
and carefully checked. Checks within 0.5 milligram of manganese 
and within 0.5 milligram of carbon dioxide were considered satis 
factory. 
Sulphur, phosphorus, and silicon were present in such small 
amounts that they could not be estimated by the ordinary standard 
chemical methods. 


PURIFICATION OF INERT GASES 


lhe argon and the helium as received, were said to contain about 
“UT, R. Cunningham and R. W. Coltman, ‘‘The Determination of Manganese. Part | 
A Study of the Bismuthate Method,” Jndustrial and Engineering Chemistry, Vol. 16, 1924, 
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three per cent of impurities, principally nitrogen. To remove oxygen 
and nitrogen, the gas was passed over red-hot shavings of metallic 
calcium. To take care of hydrogen and carbon monoxide which 
might be produced in the melting furnace, the gas was also passed 
over red-hot copper oxide and thence over absorbents for water and 
carbon dioxide. To remove hydrocarbons from the helium, the cop 
per oxide was raised to a higher temperature. The first apparatus 
made for this purpose was designed and built by Dr. Friauf using 
glass throughout, except for the gas holders and the furnaces for the 
calcium and copper oxide which were wound on seamless steel tubing. 
The second apparatus is built up from 3¢-inch copper tubing put to- 
gether with standard fittings. Considerable difficulty was experienced 
in securing vacuum-tight connections. It was necessary to grind-in 
the valves by means of pumice and almost all the joints had to be 
shellacked. The advantages of the metal system lie in its greater 
ruggedness and in the larger internal diameter of the tubing. The 
system of tubing shown in the diagram was designed so that the gas 
could be taken from or returned to either tank and so that the gas 
could be passed from one tank to the other through the purification 
system. 

The closed-end manometer is used to observe the pressure in the 
system and is independent of atmospheric pressure, while the other 
pressure gage is useful in indicating whether the system being evac- 
uated is tight in a shorter time than would be required if it were 
necessary to wait until a vacuum had been obtained which could be 
observed on the closed-end manometer. 

In the second apparatus, the furnaces and tubes for absorbents 
were closed by standard flanges and lead gaskets. 

The rotary oil pump used for evacuating the furnace and trans- 
fering the gas from one holder to another was of the vacuum-pressure 
type so that the gas could be withdrawn from the furnace, purified, 
and used again. 


EFFECT OF GASES 


No pick-up of argon by the melts has yet been detected. How- 
ever, no test was carried out except in the case of pure iron. A 
sample melted under argon was analyzed for gases by the Bureau of 
Standards, and no argon detected. Alloys containing high manga- 
nese are so troublesome in gas analysis by the vacuum fusion method 
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that it is impracticable to analyze the alloys containing manganese. 
[he melts H-1 and H-2 seemed to require a definitely greater power 
input for melting than similar alloys melted under argon. This, of 
course, is not unexpected in view of the fact that helium has a thermal 
conductivity some nine times as great as that of argon.'” 

Nitrogen is to be avoided in the preparation of mangan-se alloys. 
[t reacts readily with manganese at elevated temperatures, forming 
nitrides. One melt of distilled manganese under argon was contam- 
inated by the accidental presence of a small amount of nitrogen and 
was sufficiently magnetic to be attracted by a small magnet. 


FORGEABILITY 


By careful attention to forging temperature, all melts below and 
including that containing 40 per cent manganese have been forged. 
There is, however, no reason for believing that the alloys between 
40 and 65 per cent could not be forged. The low carbon iron-man- 
ganese alloys could be forged more easily and at higher tempera- 
tures than the high carbon alloys. 

The low carbon iron-manganese alloys were sawed with little 
difficulty except those containing from 10 to 20 per cent manganese. 
The alloys containing from 70 to 100 per cent manganese were de- 
cidedly brittle, many of them showing a conchoidal fracture, charac- 
teristic of intermetallic compounds. 





“Walter Schwarze, “Bestimmung der Waermeleitungsfaehigkeit von Argon und Helium 
nach der Methode von Schleiermacher.”” Annalen der Physik, Vol. 11, 1903, p. 303. 
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A gradient furnace with certain novel features was 
used for the thermal analysis of high purity, tron-manga- 
nese alloys containing from 0 to 60 per cent manganese. 
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In general, the results agree with those of previous 8 

poor et The low temperature transformations, how- ‘ 

ver, were found definitely in 13 to 20 per cent manganese t 

ons on both heating and cooling, and it was established a 

by thermal analysis that the alpha to gamma transforma- Ej 

tion in the 13 per cent alloy takes place above 600 degrees a 

Cent. (1110 degrees Fahr.). a 
INTRODUCTION 

HERMAL analysis is so fundamental and important a method 4 

for the observation of phase changes that it is usually the first ‘ 


and sometimes the only method, other than microscopy, employed 







the study of an alloy system. Consequently, after microscopic ex- 
amination, it was the first method applied to the study of the high 
purity iron-manganese alloys (carbon 0.02 per cent or less), the 
preparation of which is described elsewhere.’ 






















APPARATUS 3 

a 

With the gradient furnace of Rosenhain? uniform rates of heat- La 

ing and cooling may be obtained over a large range of temperature. . 
The data, when plotted as inverse rate curves, are easy to interpret. i 
The design of the gradient furnace used (Fig. 1) followed the 7 
Francis M. Walters, Jr., ‘‘Alloys of Iron. Manganese, and Carbon. Part I. Prepara Be 

tion of the Alioys,’’ Transactions, American Society for Steel Treating, May, 1932, p. 577 F| 
Ww alter Rosenhain, “Some Appliances for Metallographic Research’’, Journal, Institute es 

of Metals, Vol. 13, 1915, p. 160. . 













A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931, of the authors, Francis M. Walters, 
Jr., is a member of the society and director of the Bureau of Metallurgical Re- 
search, Carnegie Institute of Technology, Pittsburgh and Cyril Wells, an as- 
sistant metallurgist in the Bureau. Manuscript received June 9, 1931. 
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Part || 
modification developed by the Bureau of Standards.* An alundum 


tube 23 inches long is closed at the upper end, with a heating element 
f platinum wound on the upper three inches, and is cooled at the 
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ig . Ee Fig. 1—Section of Gradient 
ature. Es Furnace. The Furnace is Moved 
2rPnra Fy by the Screw, While the Sample 
-rpret. 3 Remains Stationary. 
ed the , ' eee ea 

lower end by circulating water. Thermal insulation is furnished by 

= eB three and one-half inches of carefully packed calcined infusorial 
%” : earth. The specimen, which is about 0.5 inch in diameter and 
nstitute : - : 7 R 

0.125 inch or less in thickness, is attached to the thermocouple by 


society lightly pounding the thermocouple bead into a saw cut extending to 
alters, the center of the sample. The sample is supported by the two-hole 


al Re- e ‘ ; : 
a refractory tube through which the thermocouple wires are run, and is 


*H. Scott and J. R. Freeman, Jr., “Use of a Modified Rosenhain Furnace for Thermal 
Analysis,’ Bureau of Standards Scientific Papers, No. 348, Vol. 15, 1919, p. 317. 
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enclosed by a fused quartz tube, the upper part of which is trans 
parent. ‘The quartz tube is sealed into the brass holder with paraffin, 






and the thermocouple wires are sealed with a gutta-percha vacuum 
cement. The furnace is moved relative to the sample by a screw 
which is driven, through gear reduction, by a ;'9 horse power syn- 


chronous motor. Keeping the sample stationary has the advantage 
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Fig. 2—Top View of Gear Drive. is 

that a larger outlet to the vacuum pump may be used. The motor be 
drive was adopted because it appeared to be easier to construct than p 
a satisfactory hydraulic drive. In designing the drive for the fur- i 
nace, several considerations must be kept in mind; the direction of B 
travel of the furnace should be easily reversible; there should be a 
various speeds of travel; and, if commercial gears are used, worm mn 
e » 

gears should be used for the final reduction. The arrangement shown bi 


in Fig. 2 has the disadvantage of being rather noisy and of produc- 
ing so much vibration that it was necessary to support the thermo- 
couple and sample directly from the floor. While provision was 
made for a change in the rate of heating and cooling, a single rate of 
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bout four seconds per degree Cent. was used throughout the work. 
lhe furnace moves a quarter of an inch per minute. 


A 50-tooth worm gear has been applied to a type “K” poten 
tiometer so that one complete revolution of the worm changes the set 
ting of the potentiometer 0.02 millivolt. When the high sensitivity 


valvanometer comes to the null position, it illuminates a vacuum-type 
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Fig. 3—Typical Heating Curves. A, B and D are with a 
Nickel Tube Around the Alundum Tube. C and E are With 
out the Nickel Tube. 


photoelectric cell, whose response is amplified by a grid-glow tube, 
which actuates the chronograph relay. (The photoelectric cell ma- 
terially decreases fatigue in making the observations). The chron- 
ograph is driven by a 1/40 horse power synchronous motor ; the drum 
is about six inches in diameter and is long enough to record observa- 
tions lasting 160 minutes. The chronograph record sheet is read to 
one-thousandth of a minute by means of a special scale, the length of 
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which is equal to the circumference of the chronograph drum, and 
which is divided into two hundred parts. No time signals are placed 
on the chronograph record since the frequency of the alternating cur- 
rent is sufficiently constant. 

The power used to heat the furnace was not controlled for the 


observations reported in this paper. The use of a temperature con- 
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Fig. 4—Typical Cooling Curves. A and C with the 
Nickel Tube and B and D Without. 


trol which employs the platinum heating unit as one arm of a Wheat- 
stone bridge is contemplated. 

The galvanometer used had a period of 8.4 seconds and a sen- 
sitivity better than 0.1 microvolt. As the time between readings ap- 
proached the period of the galvanometer, the readings became irreg- 
ular and, at the higher temperatures, better curves were obtained by 
observing the time for the temperature to rise or fall the equivalent of 
0.04 instead of 0.02 millivolt. 


auto ier, koa 


et ee ae 


jo Ciihertaeasaet ste haan 


Oe ih 





Pe 
i 
ig 
aa 
bd 
> 
ea 
<. 
ia 
“a 
= 
a 
cca 
pes. 
Rien 
ee 
el 
mae 
Fa 
Pos 
Ra 
Fs 
Ea 
















May 


drum, and 
are placed 
nating cur- 


ed for the 
‘ature con- 


1 Wheat- 


id a sen- 
lings ap- 
ne irreg- 
ained by 
valent of 











ae See Fe 


ALLOYS OF IRON, MANGANESE AND CARBON 595 






In an attempt to improve the gradient in the furnace, a nickel 
tube was placed outside of the alundum tube. The metal tube was 
held about a sixteenth of an inch away from the alundum tube by 
wedges at the top and bottom and was not in direct contact with the 
water-cooled plate at the bottom. The poorer gradient (Figs. 3 and 
4) obtained above 300 degrees Cent. (570 degrees Fahr.) is probabiy 
due to the high conductivity of the nickel and below this temperature 
to the lack of thermal contact with the water-cooled portion of the 
furnace. 

To check the performance of the equipment, several runs were 
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Fig. 5—-Diagrammatic Representation of Fig. 6 ‘Diagrammatic Representation of 
lransformation Points on Heating. Transformation Points on Cooling. 


made on vacuum-melted electrolytic iron which contained less than 
0.02 per cent carbon. The results agreed satisfactorily with those of 
other observers both in regard to the magnitude of the effects ob- 
served and the temperatures at which they occurred. Runs made at 
various times showed satisfactory reproducibility. 


RESULTS 


The data obtained for the low carbon iron-manganese alloys 
are shown graphically in Fig. 5 and 6. An attempt has been made 
to indicate the character of the thermal disturbance as well as the 
temperature at which it occurs. The maximum plotted for each 
transformation point is the ratio of the greatest excursion (in terms 
of the heating or cooling rate scale), minus the rate of cooling, to the 
rate of cooling. This procedure was followed in an attempt to make 
possible a comparison of the magnitudes. 

In comparing the results with those of previous investigators, the 
effect of the relatively small amounts of carbon and other impurities 
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present, even in Hadfield’s alloys,* is evident, particularly in the range 
from 10 to 20 per cent. 

For alloys up to ten per cent manganese, the lowering of the 
alpha-gamma transformation on heating indicates that the effect oj 
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manganese is to render the gamma phase more stable. The temper- a 
ature at which the gamma-alpha change occurs on cooling is consider- a 


ably below the reverse transformation. This may be ascribed to 
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energy change rather than to experimental error, since the volume 


‘Sir Robert Hadfield, “Alloys of Iron and Manganese Containing Low Carbon,” Journal 
[ron and Steel Institute, Vol. 115, 1927, p. 297. 
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Cent Manganese Alloy After Various 3 
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worked and soaked at 575 degrees Cent. a 
for 50 hours. C. After a Slow Cool a 
Lasting a Week. é 
ty 
‘sluggishness,”’ although the authors have yet no direct experimental 8 
evidence which shows that the transformation will occur at a higher % 
temperature if given time. That the magnitude of the disturbance is : 
greater on cooling than on heating, the authors ascribe to a greater A 
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change for the gamma to alpha transformation is greater than that 
for alpha to gamma.° 

The transformations become less sharp and spread over a greater 
temperature range as the manganese content increases to ten per cent. 
\t 13 per cent, they again become sharp, and additional evidence is 


scarcely needed to show that the transformations occurring in the 
13 and 16 per cent alloys at low temperatures are decidedly different 
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0 
Fig. 8—Diagram of a Series of Runs, 
Which Show That it is Necessary to Take 
the 13 Per Cent Manganese Alloy Above 650 
Degrees Cent. to Secure Low Temperature 
Transformation Points. 
in character. In the case of the 13 per cent alloy, this has been shown 
in two other ways by thermal analysis. This alloy in the ‘“‘as-forged”’ 
condition, showed only low temperature points, but, after cold work- 
ing and soaking at 575 degrees Cent. (1070 degrees Fahr.) for fifty 
hours, it showed a transformation at about 650 degrees Cent. (1200 
degrees Fahr.) a temperature which lies on the continuation of the 
alpha-gamma transformation curve for the alloys containing less man- 
ganese. Curve “C” of Fig. 7, taken of the 13 per cent alloy after a 
cooling from 1000 degrees Cent. (1830 degrees Fahr.), which lasted 
a week, indicates that no transformation of gamma to alpha had 
taken place. 
That the alpha-gamma transformation takes place at about 650 
degrees Cent. (1200 degrees Fahr.) is indicated also by the series ot 
runs shown diagrammatically in Fig. 8. Unless the 13 per cent alloy 


®Francis M. Walters, Jr., and Maxwell Gensamer, ‘The Alloys of Iron, Manganese, 
ind Carbon. Part IV. A_ Dilatometric Study of the Binary Alloys’, TRANSACTIONS, 
American Society for Steel Treating, May, 1932, p. 608. 
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is heated above 650 degrees Cent. (1200 degrees Fahr.), the Joy 
temperature transformations are almost completely suppressed, which 
would not be likely if they were complementary. The dilatometr; 
observations indicate that these transformations involve the epsil 
transformation. 

The low temperature thermal disturbances have been observed, at 
progressively lowered temperatures, for both the 16 and 20 per cent 
alloys. From 26 to 60 per cent manganese, no definite thermal di 
turbance has been detected. 
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ALLOYS OF IRON, MANGANESE AND CARBON—Part III 


An X-ray Study of the Binary Iron-Manganese Alloys 
By M. GENSAMER, JOHN F. Ecker, anp F. M. Watters, JR. 
Abstract 


A systematic X-ray investigation of the low carbon 
iron-manganese alloys confirms in general the work of 
Schmidt and of Ohman. 

A comparison of cold-worked specimens with those 
prepared in a manner to avoid cold working as far as pos- 
sible showed that the formation of the hexagonal close- 
packed phase is favored by stress. In some alloys this 
phase appears on quenching; but is absent when slowly 
cooled. 


INTRODUCTION 


A PART of the program of a systematic investigation of the 
iron-manganese-carbon system, a number of iron-manganese al- 
loys (carbon 0.02 per cent or less) have been studied by the Debye 
Hull method of X-ray crystallographic analysis. Although two excel 
lent studies of the system have been made by Schmidt* in Germany 
and by Ohman? in Sweden, it was considered desirable to present the 
results of this investigation, calling attention to their work, and pre 
senting some new material. 

The crystal structure of iron is familiar to all, but it may be well 
to review the work on manganese and on iron-manganese alloys. 
Manganese exists in three allotropic modifications® *. Alpha manga- 


1Winfried Schmidt, ‘‘X-ray Investigation of the Iron-Manganese System”, Archiv fiir 
das Eisenhiittenwesen, 3, 293, 1929 (Heft 4, October 1929). 





*Einar Ghman, ‘“X-ray_Investigation of the Iron-Manganese System”, Zeitschrift ftir 
physikalische Chemie, Abt. B, 8 Band, Heft 1/2, June 1930, p. 81. 


SArne Westgren and Goésta Phragmen, “Zum Kristallbau des Mangans’’, Zeitschrift fii 
Physik, Vol. 33, 1925, pp. 777-788. 

‘A. J. Bradley, ‘The Allotropy of Manganese,’ Philosophical Magazine, Vol. 50, Ser. 6, 
1925, p. 1018. 


A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. All of the authors are members 
of the society. M. Gensamer is assistant metallurgist, John F. Eckel, research 
assistant and F. M. Walters, Jr., director of the Bureau of Metallurgical Re- 
search, Carnegie Institute of Technology, Pittsburgh. Manuscript received 
June 9, 1931. 
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nese,* stable from room temperature to 724 degrees Cent. (1335 de 
grees Fahr.) is extremely complex,® having 58 atoms in the unit cel|®:' 
arranged in a body-centered cubic lattice with 29 atoms in a group at 
each lattice point; the side of the unit cell is 8.894 + 0.005 A. Beta 
manganese,” stable from 742 to 1191 degrees Cent. (1368 to 2175 de 
grees Fahr.) 1s cubic with 20 atoms in the unit cell® and 6.29 A for 
the side of the unit cell. Gamma manganese, stable from 1191 de 
grees Cent. (2175 degrees Fahr.) to the melting point at 1245 degrees 
Cent. (2273 degrees Fahr.), has been considered to be face-centered 
tetragonal in structure with 4 atoms in the unit cell, whose base is 
3.774 + 0.003 A, with an axial ratio of 0.937; this is the structure of 
freshly prepared electrolytic manganese. Schmidt,’ investigating the 
iron-manganese system, found five phases occurring at ordinary tem- 
peratures. Alpha iron (body-centered cubic) occurs in alloys con- 
taining from O per cent to 20 per cent manganese. He discovered a 
new phase appearing between 12 per cent and 29 per cent manganese, 
hitherto unsuspected. This phase, which he named epsilon, is hex- 
agonal closepacked. Gamma iron (face-centered cubic) occurs from 
16 to 60 per cent manganese; beta manganese occurs from 62 to 98 
per cent manganese, with the structure previously described for this 
phase ; alpha manganese, also as previously described, is only obtained 
at room temperature with very low iron content. 

Ohman? also investigated this system using purer materials and 
care in heat treatment. The alloys, prepared from electrolytic iron 
and manganese distilled in a vacuum carbon resistance furnace, were 
melted in vacuo. High temperature powder photographs showed the 
face-centered cubic phase from 0 to 65 manganese, and above 65 per 
cent, the beta manganese phase. The temperature of transformation 
of beta manganese to alpha manganese is changed very little by vary- 
ing the iron content, and at 500 degrees Cent. (930 degrees Fahr.) 
alpha manganese may contain as much as 35 per cent iron in solution. 
By quenching the 78.5 per cent manganese alloy from 1150 degrees 


Cent. (2100 degrees Fahr.), gamma manganese was obtained along 





SE. C. Bain, “Nature of Solid Solutions’, Chemical and Metallurgical Engineering 
Vol. 28, No. 1, 1923, p. 21. 





‘A. J. Bradley and J. Thewlis, “Crystal Structure of Alpha Manganese’’, Proceedings, 
5 


Royal Society of London, 115 A, 1927, pp. 456-471. 


7G. D. Preston, “The Crystal Structure of Alpha Manganese,”’ Philosophical Magazin 
1928 (VII) 5, p. 1198. 


°G. D. Preston, “‘Crystal Structure of Beta Manganese,” Philosophical Magazine, 1928 
(VII) 5, p. 1207. 
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with beta manganese. With increasing iron content, the axial ratio 
for gamma manganese approaches unity. Schmidt's epsilon phase 
(hexagonal close-packed) was confirmed, but Ohman states that it 
does not occur alone. All three phases were found in quenched 
specimens and he states that it is only in these quenched specimens 
that the epsilon phase occurs, from which he concluded that it is a 
transition phase occurring during the change from gamma to alpha 
iron. Face-centered gamma iron and face-centered gamma manga- 
nese probably form a continuous series of solid solutions. This sys- 


tem has also been studied by Atomi Osawa.” 
First Metuop or INVESTIGATION 


The iron-manganese alloys used in the present study contained 


about 0.02 per cent carbon.’° 


Powder photographs were made using 
a cylindrical camera of about 10 centimeters diameter, with the speci- 
men in the form of a needle of less than one millimeter diameter, ro- 
tating concentrically with this cylinder. The needle specimens were 
prepared by machining the forged bars, and were etched before being 
photographed. In the case of the brittle alloys, the specimen was 
powdered to 200 mesh and shaped into a needle using collodion as a 
binder. (The 72 per cent manganese alloy contained some ductile 
material which could not be powdered and hence is missing from the 
structure as determined by X-rays). The camera was calibrated by 
thinly copper coating a number of machined specimens by immersion 
in copper sulphate solution, so that a powder photogram of copper was 
superimposed on the photogram of the specimen. An iron target was 
used for the iron-rich alloys, and a chromium target (prepared by 
electrodeposition on a copper base) for the manganese-rich alloys. 
The tube was a modified Shearer gas tube, permitting close approach 
to the target and relatively short exposures (2 to 4 hours). 


Results with Needle Specimens 


The results of this part of the investigation are summarized in 
Table I, along with the results of previous investigations. ‘They are 


in agreement with those obtained by Schmidt’ and Ohman,’ except 





*Atomi Osawa, “X-ray Investigation of Iron and Manganese Alloys’, Science Reports, 


lohoku Imperial University, Vol. 19, 1930, p. 247. 
“Francis M. Walters, Jr., “‘The Alloys of 
Preparation of Alloys’, 


4d. 
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Lattice Dimensions of Iron-Manganese Alloys : 
a-Fe Epsilon y-Fe y-Mn B-Mn a-Mn i 
% Mn a a c/a a a c/a a a Observer a { 
0.0 2.857 Schmidt << 
2.0 2.660 Friauf ee al 
3.7. 2.861 Ghman 2 
4.4 2.863 Friauf % lé 
7.0 2.861 3.595 Ohman 
7.2 2.864 Friauf 
9.1 2.860 3.588 Ohman 
2.867 +. 606 ( 
10.2 2.868 2.520 1:615 Friauf 
12.1 2.532 1.604 Schmidt S 
i.1 2are. s.008 20682 23.9 Friauf 
6.2 2:.a59 3.603 Ohman 1] 
2.865 3.582 
16 3.586 Schmidt Cc 
16.0 2.881 2.531 1.613 3.589 Friauf 
20 2.871 Schmidt 
20.4 2.536 1.611 Friauf 3 
22.9 2.866 2.541 1.616 3.595 Ohman ns C 
3.603 ‘ 
5.8 2.535 1.612 3.594 Friauf 
29 2.543 1.605 Schmidt 4 
30.7 2.862 3.604 Ohman : ( 
3.603 
39.9 3.616 Friauf ) 
46.6 3.624 Ohman 
56.1 3.635 Ohman 
58 3.616 Schmidt a 
63 6.24 Schmidt a 
63.9 3.647 8.864 Ohman 4 
72. 3.66 1.01 6.260 B. M. R. ee 
74.5 3.68 1.00 6.261 B. M. R. s 
78.5 3.705 0.976 6.286 8.277 Ohman % 
84.0 3.70 1.00 6.283 B. M. R. 4 
87 6.28 Schmidt ee 
90.0 3.73 1.00 6.297 B. M. R. 
91.4 6.297 8.890 Ohman 
94.4 Ja 1.00 6.290 B. M. R. 
100 8.89 Schmidt 
100 6.305 8.904 Ohman 
100 8.897 B. M. R. 
100* 3.774 0.937 6.298 8.894 Westgren 
100 3.776 0.934 Persson & Ohman 


CO 


8.903 Bradley 
100 6.29 8.894 Preston 








obs i ng Sieg Rs eT 


that the epsilon phase was found in the forged alloys from 10 to 26 
per cent manganese, whereas Ohman states that he obtained it only in 
quenched alloys. It was suspected that this might be the result of 
the machining operation in the preparation of the specimens. That 
this treatment does give results which are not representative of the 
forged alloy has been demonstrated by photographing specimens pre- 


Deer ceed 


pared solely by grinding, using a technique to be described. Ohman " 


states that the gamma phase in alloys containing over 70 per cent 
manganese is face-centered tetragonal rather than face-centered cubic ; 
he bases this on the structure of quenched specimens. In the present 
investigation, lines ascribed to this phase have been found in the 
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hotographs of alloys which were cooled in the crucible, from the 
Although the 
measurement of these lines was difficult as they were weak and dif- 


elting point to room temperature in about two hours. 


fuse, it appears that in these rather slowly cooled, very low carbon 


alloys the gamma phase is, within the accuracy of the measurements, 


face-centered cubic. 

The use of the machined needles described above has led to er 
roneous results as to the true structure of the alloys from which the 
specimen was prepared. It was suspected that the severe cold work- 
ing of a metastable phase at ordinary temperatures might cause a de- 
composition of that phase into a more stable or a transition phase. 
The X-ray pattern obtained would then be representative of the ma- 
chined specimen instead of the original condition. The machining of 
a number of the needles used for X-ray analyses was accomplished 
only with difficulty. In each case, the needle was severely cold- 
worked before being completely turned. Hence, it cannot be said 
that the needles machined from the forged bars are representative 
of the structure of the ‘“‘as-forged” alloys. 


Edge Method 


A different arrangement was used in the latter part of the in- 
vestigation, to avoid the use of such severely cold-worked specimens 
and to study the effect of heat treatment. Furthermore, it permitted 
the use of the same specimens which had been used for metallo- 
graphic studies of various heat treatments. A plane surface was 
ground on the side of the specimen in such a way as to make an 
angle of 90 degrees or less with the surface already prepared for mic- 
roscopic examination. The specimen was then treated with sulphuric 
acid with the hope that the acid would dissolve the metal which had 
been cold-worked during the grinding process. The specimens, thus 
prepared, were more representative of the original condition than 
machined needles. They were probably as representative of the de- 
sired treatment as a metallographic specimen, since the method of 
preparation is essentially the same. 

The specimen was mounted on the spindle of a modified Dickin 
son-Henson spectrograph by means of plastilene so that the edge was 
parallel to the axis of the camera. This edge was centered on the 
axis of the camera by means of a telescope, by adjusting the position 
of the specimen on the spindle until no apparent movement of the 
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edge could be observed as the specimen was rotated. In this positio; 
one-half of the X-ray beam from the pinhole system was stopped by 
the specimen while the other half of the beam passed. The latte; 
half of the beam was allowed to strike the film for about thirty 
seconds before the back-stop was placed in position. This produced 
a spot on the film in the form of a semicircle which was used as the 
zero point for subsequent measurements ; and although in the method 
of analysis used, this was not relied upon, its position was as nearly 
correct as that of any of the lines. The specimen was oscillated 
through an angle of 45 degrees with the prepared edge remaining on 





Fig. 1—Typical X-ray Photogram Obtained Using ‘‘Edge Method.” 








the axis of the cylindrical camera. The method materially reduced 
the exposure required to obtain a suitable pattern. An exposure of 
about twenty milliampere-hours was required for the machined needle 
specimen, while the exposure required for the “edge method” averages 
eleven milliampere-hours. A typical pattern is shown in Fig. 1. 

The positions of the lines on the films were measured to 0.1 mil- 
limeter, the distance measured being from the straight edge of the 
semicircular trace of the incident beam to the nearest edge of the line. 
These positions were plotted as abscissae on strips of coordinate 
paper, as shown in Fig. 2, “A,” “C,” and “E.”” The length of the 
line drawn at these positions represents the relative intensity of the 
line of the photogram as estimated from the X-ray pattern on a scale 
of % to 10: the strongest line on the film was assigned an intensity of 
10; the weakest line easily measurable, an intensity of 1; weaker 
lines, an intensity of ™. 

The patterns, as plotted, were then fitted to the charts of Fig. 2 
until all of the lines had been identified. On charts “B” and “D,” 
the positions of the lines (as calculated from the previous calibra- 
tion of the camera) were plotted against the lattice parameter. By 
moving the strips with the line positions over the charts until the 
best possible match was obtained for all the lines, it was possible to 
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tInch on Charts = 1 Centimeter on Films 


Fig. 2—B, D, and F are Charts by Which the Various 
Phases Were Identified. A, C, and E are Typical Plots of the 
Positions of the Lines and Their Relative Intensities. 


identify easily and rapidly the various phases present and estimate 
the dimensions of the unit cell for the two cubic lattices, although this 
could not be determined with more precision than the second decimal 
place. 

It is obvious that such charts can be prepared only for lattices of 
the cubic system, since in all other cases at least two dimensions are 
necessary to describe the unit cell. However, the dimensions of the 
hexagonal close-packed phase encountered in these alloys remain 
nearly enough constant to permit the identification of this phase by 
comparison with the calculated position for one set of lattice dli- 
mensions. The results obtained by this method in the study of iron- 
manganese alloys are summarized in Table II. 

It may be seen from this table that the epsilon phase appears over 
a wide range of composition, and in forged, furnace-cooled, and 
quenched specimens. The numbers given in the table are the relative 
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Fig. 3—The Influence of Manganese on the Atomic Volume 
of the Various Phases Found in the Iron-Manganese System. The 
Atomic Volumes Were Calculated by Dividing the Volume of the 
Unit Cell by the Number of Atoms Per Unit Cell. These Data 
Were Obtained from Machined Needle and Powdered Specimens. 
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intensities of the strongest lines for each phase appearing in the photo- . 
gram of each specimen, an intensity of ten being assigned to the : 
strongest line in the photogram; so that the numbers in the table are 3 
some measure of the relative amounts of the phases present. The Fe 


data presented in the table have been summarized graphically in Fig. 
4; in these diagrams, the fractional amounts of the three phases de- 
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scribed, calculated from the intensities shown in Table II, are plotted 
against the weight per cent of manganese. It is realized that this 
procedure is highly questionable and certainly not quantitative. These 
curves indicate that the epsilon phase occurs in larger amounts and 
with lower manganese contents in the furnace-cooled alloys than in 
the quenched alloys. The gamma phase is retained at low temper- 
atures with lower manganese contents in the furnace-cooled than in 


a — 

aot _ oe 
QUENCHED 7° . 
& ee. ei 


$$ $$$ $$ _$____—___—__ 


Salldidataicieatiia . ee - 
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Fig. 4—Graphical Representation of the 
Fractional Amounts of Each Phase Present 
in the Furnace-Cooled and Quenched Al 
loys as Estimated from the Relative Inten 
sities of the Strongest Line of Each Phase. 
the quenched alloys. That the epsilon phase is obtained in this series 
of alloys over a wider range of composition and heat treatment than 
has been observed by other investigators is believed to be due to their 
very low carbon contents. 

The most interesting point brought out by this investigation is 
the effect of stress on the structure of these alloys. That the forma- 
tion of the epsilon phase is favored by stress is seen in the results 
obtained on ground specimens (the machined needle of the 20 per 
cent manganese alloy contained only the epsilon phase, while the 
ground specimen was principally gamma). The presence of some 
gamma phase in the 4 per cent manganese alloy when slowly cooled, 
but its absence up to 7 per cent manganese when quenched, demon- 
strated the effect of manganese on the rate of transformation of the 
gamma to the alpha phase, and the important part stress plays in 
this change. 
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ALLOYS OF IRON, MANGANESE AND CARBON—Part IY 
A Dilatometric Study of Iron-Manganese Binary Alloys 
3y Francis M. WALTERS, JR. AND M. GENSAMER 


Abstract 





The dilatometer constructed for the study of the iron- 
manganese alloys can be used from —200 to 1000 degrees 
Cent. with the specimen in a vacuum or an inert gas. 

The indications of phase changes observed by thermal 
analysis have been confirmed and extended. The low 
temperature transformations on cooling of the alloys with 
thirteen or more per cent manganese may be ascribed to the 
epsilon phase. 

X-ray measurements of lattice dimensions are used in 
the interpretation of the dilatometric observations. 

A preliminary study of the rate of heating and cool- 
ing indicates that the rate makes little difference in the 
temperature at which the transformation begins, but has a 
marked effect in the transformation range. 



















INTRODUCTION 





HIS paper presents the results of dilatometric observations made 
on a series of iron-manganese alloys (carbon 0.02 per cent or less, 
with one excepifon). Their preparation,’ microstructure, thermal 
analysis,® and X-ray analysis‘ have been elsewhere described. 
The dilatometer offers several distinct advantages as an instru- 
ment for the observation and study of phase changes. It is not nec- 
essary to employ a carefully controlled rate of heating and cooling 
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is the case with certain methods of thermal analysis, and it is pos- 
le to arrest the observations at any temperature and observe the 








loys ql s1DI 
© effect of time upon the transformation. Changes in length are easily 
Eq observable over a wide range of temperature with the same set-up. 
i More important still than the advantages just mentioned, is the 
© possibility, in many cases, of correlating the observations made hy 
: X-rays on the phases present at high temperatures,’ or the measure- 
‘On- ments of lattice dimensions at room temperature, with the changes 
rees é observed dilatometrically. If X-ray data at the temperature at which 
j the phase change occurs are not available, the lattice dimensions can 
= e be corrected to this temperature by the expansion observed. ‘To 1il- 
vith j lustrate the method, consider the change from the gamma phase, 
the 3 which is face-centered cubic, to the epsilon phase, which is hexagonal 
) close-packed, assuming that both phases have the same coefficient of 
Hin 4 thermal expansion. The atomic volume for the gamma phase is 
| a® 0.866 c.a° 
ol- ™ = given by and for the epsilon phase by where “‘a’’ is the 
the 4 " 4, 2 
Sa a side of the base of the unit cell and ‘‘c” is its height. Substituting 
4 the values of the lattice dimensions obtained for the 13 per cent man- 
4 ganese alloy,® one obtains for the ratio of the sides of the elementary 
s Ly 3) atomic volume y — ea 
ns made 4 parallelopiped = - * ee 1.0068. Then the 
t or less, i" length change expected, since the length change in the specimen being 
thermal ; tested should be proportional to that of the elementary parallelopiped, 
4 would be a contraction of 0.0068 inch for a one inch specimen in 
| ' changing from the gamma to the epsilon phase. Let us see how this 
aa ran . can be applied to the interpretation of the dilatometric curves. It 1s 
cooling & known, from a similar consideration, that the change from gamma to 
ae F ' alpha, which is body-centered cubic, is an expansion, and from epsi- 
us 4 lon to alpha a still greater expansion; and since these three phases 
anese, and t are the only ones indicated by the X-ray analysis of the alloys, an ex- 
eee, ' pansion on cooling must indicate the formation of alpha from gamma, 
res 3 of alpha from epsilon, or of gamma from epsilon, while a contraction 
Manganese 
P “Seikichi Sat6, ‘‘Dilatometric Investigation of the Ag; and A, Transformations in Pure 
e society rd lron,”’ Philosophical Magazine, Vol. 1, Ser. 7, 1926, p. 996. 
members nan 
pe oe 


. Tec °*M. Gensamer, John F. Eckel, and Francis M. Walters, Jr., “The Alloys of Iron, 
| ech- Manganese, and Carbon. Part II]. An X-ray Study of the Binary lron-Manganese 
Alloys”, Transactions, American Society for Steel Treating, May, 1932, p. 599. 
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on cooling will indicate the formation of epsilon from alpha, epsilon 


from gamma, or gamma from alpha. The reverse should occur on 





heating. It is known that gamma is the phase stable at higher tem- 








Aad 


peratures,’ so there is reason to believe that of these possibilities, an 





expansion on cooling represents the gamma to alpha change, while a 





contraction on cooling means the gamma to epsilon change, with t! 


eat 





reverse on heating. 








Calculations of this type yield a most interesting point on the al- 





lotropy of iron. The side of the unit cell for gamma iron whe: 








calculated from the alpha to the gamma lattice change with each atom 





occupying a constant volume, and using lattice dimensions corrected 








for thermal expansion by the application of the dilatometric data, 
vields a lattice dimension of 3.646 A for gamma iron. (The volume 













ne 


of the elementary parallelopiped for the alpha phase is —, and for 





a” 
the gamma phase is—., since there are respectively two and four 
4 





atoms in the unit cell. Then, if this volume is to remain constant 





> 4 
da ay 








: , or ay = ¥/2.aa. aa corrected for thermal expansion is 2.894 











A at 900 degrees Cent. (1650 degrees Fahr.), so ay = 1.26 & 2.894 





= 3.646 A). Now, if the least interatomic distance remained un- 
changed during this transformation, the lattice dimension should be 






3.545 A (the least interatomic distance for the gamma phase is \, 
(2 - 
: . Vs 3 i 
and for the alpha phase is > a, SO ay = VV > aa). lhe contraction 
> 


— 











on this latter basis should be 0.101 A or 2.8 per cent. Since the ob- 
served contraction is only 0.3 per cent, the actual lattice dimension for 
the gamma phase is 3.635 A (3.646 & (1 — 0.003) ). From this, 


“Nn 














the least interatomic distance for the gamma phase is 2.57 A 










(dy = 3.635. — ) and for the alpha phase, this distance is 2.51 \ 
Me ae : 
(da = 2.894.—). Chen the change from alpha to gamma is ac 


‘Einar Ohman, “R6éntgenographische Untersuchungen iiber das System Eisen-Mangan’”’, 
Zeitschrift fiir Physikalische Chemie, Abt. B, Vol. 8, 1930, p. 81. 
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panied by an increase in the least interatomic distance of 0.06 A, 
| spite of the observed decrease in volume. This may mean an actual 
expansion of the iron atom during the allotropic change, with the 
hange in crystallographic type accommodating the increase with a 
minimum expenditure of energy. 

A similar calculation made on the gamma to epsilon change, but 
without the advantage of knowing the thermal expansion of the epsi- 
lon phase, since it has never been positively observed alone, shows 
that the change is accompanied by a decrease in the least interatomic 
distance of 0.026 A (ay = 3.581 A, so dy = 0.7071 & 3.581 
1/4 (c/a)? 


This contraction cannot be checked dilatometrically, since 


= 2.932 





A; ae = 2.526 and c/a = 1.613, so de =a V/1/3 4 
2.506 A). 
the contraction calculated on the constant atomic volume basis yields 
a change of 0.68 per cent (see preceding paragraph) as opposed to 
an observed change of 0.25 per cent; this must mean that the changes 
from gamma to epsilon and from gamma or epsilon to alpha are oc- 
curring simultaneously, or in close sequence, or that the gamma to 
With X-ray data sufh- 
ciently accurate, it would be possible to calculate the relative amounts 


epsilon change is incomplete for this alloy. 


of the phases present. 
APPARATUS 


In the design of a dilatometer, there are several requirements 
which it is desirable to meet as far as possible. The dilatometer 
should be usable from 900 degrees Cent. (1650 degrees Fahr.) or 
higher, to well below room temperature. Transformations of some 
iron alloys occur at the upper temperature, and then other transfor- 
mations are by no means complete at room temperature. The device 
for indicating length or volume changes should permit quick and easy 
It is de- 


sirable that the materials of which the dilatometer is constructed do 


reading and should be capable of following rapid changes. 


not necessitate the introduction of corrections in order to obtain the 
true length change. In the case of the iron-manganese system, it is 
necessary to protect the alloys from oxidation. The specimen should 
be uniform in temperature throughout its length. 

Many methods have been used in the observation of thermal ex- 
pansion. Each method, however, has its particular disadvantage. The 
micrometer microscope gives definite results but the time required to 
make observations limits its usefulness in following rapid changes in 
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length. The optical lever offers certain mechanical difficulties in its 
design. The great sensitivity of the interferometer, which permits 
the use of small samples, makes its use desirable when possible. Thy 
highest temperature at which it may be used for metals is about 500 
degrees Cent. (930 degrees Fahr.), which is one reason why it was 
not adopted for this investigation. Various electrical methods have 
been used, such as the measurement of changes in the inductance of 


Fig. 1—Section of 
Dilatometer. 
a magnetic circuit in which some element of the circuit 1s moved rela- 
tive to some other element or the change in capacity of two plates 
whose distance apart is influenced by the dilatation of the specimen. 
These methods have the disadvantage of requiring calculation to 
change the observed readings to changes in length. The dial gage 











has the advantage of being direct-reading, and readily set up. While 





it lacks the highest precision, it covers a fairly large range with a high 
degree of sensitivity. 








The dilatometer used (Fig. 1) is a modification of one described 








by the Bureau of Standards.* It consists, essentially, of a trans- 








SPeter Hidnert and W. T. Sweeney, ‘““Thermal Expansion of Magnesium and Some ot 
Its Alloys’, Bureau of Standards Journal of Research, Vol. 1, 1928, p. 771. 
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arent quartz tube, 18 inches long, sealed at the lower end by a flat 
juartz plate. On the bottom of the quartz tube is a one inch length 
of quartz tubing, upon which the specimen, one-inch long, rests. On 
top of the specimen is another quartz tube which transmits the dila- 
tation of the specimen to a dial gage. The gage has a total move 
ment of 0.1 inch, for which the pointer makes ten revolutions. The 
dial is connected by the lug on the back to the outside quartz tube by 
the device described by the Bureau of Standards. This assembly 1s 
cemented in a hole in the brass plate upon which the bell jar is 
placed. Two forms of specimen have been used, one a solid and the 





0 1 2 5 4 Hrs 


Fig. 2—-Time-temperature Diagram, 
Showing Normal Rate of Heating and 
Cooling. 


other a hollow cylinder. Both ends of the solid cylinders were turned 
to a slightly smaller diameter, so as to fit inside the quartz tubes at the 
top and bottom and insure centering. In the case of the hollow cylin- 
der, the diameter was decreased only at the lower end. The effective 
length of the specimen was one inch; its diameter in the largest part 
was approximately one-half inch. The thermocouple was attached 
directly to the sample by pounding the thermocouple bead into a saw 
cut in the upper end of the sample. The thermocouple wires were 
run through a two-hole refractory tubing. They were led through 
the brass plate and sealed with a vacuum gutta-percha cement which 
served also as electrical insulation. The furnace winding of alloy 
resistance wire was five inches long. Only enough refractory was 
used outside of the winding to hold it together; consequently, the 
furnace was very responsive to changes in power input. The furnace 
was placed around the specimen so that the specimen was at the cen- 
ter of the winding. The thermocouple used was chromel-constantan 
and was calibrated below room temperature by direct immersion in 
liquid nitrogen and by comparison with a petane in glass _ther- 
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mometer ; above room temperature, the calibration of the maker wa 
used. 


= ale 


In observing dilatation, the current was started at two amperes 
and increased at the rate of O.1 ampere 


every two minutes unti 
a maximum of about seven 


amperes was reached. On cooling, the 
current was decreased at the rate of 0.2 


RRs eR Rak ae 


ampere per minute. 


800 


TEMPOCRATURE 





Fig. 3—Dilatation of Binary lron-Manganese Alloys. 


The furnace was dropped when the temperature had fallen to 200 
degrees Cent. and, when room temperature was reached, a Dewar 
flask, containing liquid nitrogen, was raised in steps until the mini- 


mum temperature was reached. (See Fig. 2). In some cases, twice 


as rapid heating and cooling rates were used, particularly at high tem- 


peratures where there was evidence of creep. The low manganese al- 


loys were observed in vacuo. An atmosphere of helium was used for 
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aker was 4 ’ ; 

7 the higher manganese alloys and for those runs in which the tem- 
perature was held over night or longer. In the results presented in 


amperes é' : : 
this paper, no correction has been made for the dilatation of the 





ites until * 
‘ oa (juartz. 
ling, the | RESULTS® 
minute. 4 
{ The specimen used for the dilatation curve labeled O per cent 
4 manganese, Fig. 3, was vacuum-melted electrolytic iron containing 
i 0.012 per cent carbon. The hysteresis at the A, point, we believe to 
: he due to the rapid rate of heating and cooling employed, since with 
; even the usual rate, the specimen decreased in length about O.1 per 
j cent at this temperature.’® This was due, probably, to the plasticity 
: ; of iron at the A, point as demonstrated by Professor Sauveur.'! A 
i minute change in slope at about 750 degrees Cent. (1380 degrees 
; ahr.) may be the A, point, although the change actually observed 
; is of the same order of magnitude as that due to a sudden change in 
i heating rate. The change in slope on heating at 400 degrees Cent. 
j (750 degrees Fahr.) may be due to carbon, since saturation may be 
a expected at about this temperature for the percentage of carbon in 
p the iron used. The second curve for this alloy shows that this change 
4 in slope is present even if the sample is not carried through the alpha 
“4 gamma transformation. The 1.1 per cent manganese alloy shows 
4 much the same features as the alloy without manganese, but the alpha 
3 to gamma transformation begins at a lower temperature, and the 
reverse transformation is still further depressed. 
The curve given for the 4.4 per cent manganese alloy shows a 
4 failure to close, which is sometimes observed. This may be due to 
4 the specimen securing a better seat sometime during the run. The 
4 lack of closure shown here amounts to 0.0004 of an inch. In the 
4 4 and 7 per cent alloys, the coefficient of expansion of the alpha phase 
i is definitely less than that of the gamma phase. If the alloys are 
heated and cooled between the transformations, there is no departure 
from the curves. 
to 200 In the case of the 10 per cent alloy, Fig. 4, it is obvious that not 
Dewar ‘Compare Alfred Schulze, “Uber die thermische Ausdehnung von Eisenlegierungen’’, 
ee Zeitschrift fiir Technische Physik, Vol. 9, 1928, p. 338. 
i¢ mini- Also, Torajiré Ishiwara, ‘On the Equilibrium Diagrams of the Aluminum: Manganese, 


Copper-Manganese and Iron-Manganese Systems.’’ Science Reports, Tohoku Imperial Uni 
versity, Vol. 19, 1930, p. 499. 


“Compare Wilmer Souder and Peter Hidnert, ‘““Thermal Expansion of Nickel, Monel 


Ss, twice 





eh tem- 


ase al . Metal, Stellite, Stainless Steel, and Aluminum’, United States Bureau of Standards 
nese al- Scientific Papers, Vol. 17, 1922, p. 497. 
ised tor M1Albert Sauveur, The Metallography and Heat Treatment of Iron and Steel, Third 


Edition, 1926, p. 108. 
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only has the critical range been lowered, but also the heating cury 
has become approximately parallel to the cooling curve. On subs« 
quent heatings to temperatures below the alpha to gamma transfor 
mation, the slope approaches that of alpha iron and the curves closé 
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Fig. 4—Dilatation of Binary Iron-Manganese Alloys. Ob 
servations, for These Alloys As Well As for the Others, 
Were Made at One Millivolt Intervals. 




















on completing the cycle. With this composition, there is evidence of 





the appearance of a third phase. 

That a third phase is present, however, becomes more definite 
from the observations on the 13 per cent alloy (Fig. 5). Starting at 
room temperature, (a), this alloy undergoes a sudden expansion, 
(b), starting about 200 degrees Cent.; then expands at a uniform 
rate until a temperature of 570 degrees Cent. is reached, when it un- 
dergoes a contraction, (c). That this contraction is alpha to gamma 
is indicated by the fact that the temperature is that which might be 
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cury expected from the rate at which the temperature of this transforma- 
ubse tion is lowered with increasing manganese content. On cooling, this 
isfor alloy decreases in length at about the same rate as the alloys of lower 
Close manganese content until the temperature of 150 degrees Cent. is 

reached, when it undergoes a definite contraction, (d). This cen- 
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e of Fig. 5—Dilatation of 13 Per Cent Iron-Manganese Alloy 
ae traction indicates that at this temperature, there is a change from 
inite ' , ' si 
gamma to epsilon, since epsilon has a smaller specific volume than 
g at Si : ; 
= gamma. The transformation to epsilon is evidently incomplete, since 
10n, Sa ; 
the decrease in length to be expected from X-ray data is 0.68 per cent ; 
orm . . ; 
the greatest decrease observed was 0.25 per cent. If the alloy 1s 
un- . er 
slowly cooled from 100 degrees Cent. to room temperature, as is the 
nima . 


ae case here, a definite expansion occurs a little below 100 degrees Cent., 
eC 
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Fig. 6—Dilatation of Binary Iron-Manganese Alloys. 








(e). This is believed to be the transformation from gamma to alpha. 
Since this phase change is an expansion, it can also be due to a trans- 
formation from epsilon to alpha. That it is not epsilon to alpha is 
shown in two ways: 


(1) When the alloy was heated to 500 degrees Cent., (f), and 
then was returned to liquid air temperature, (g), the loop 
thus formed indicates that that part of the gamma which 
had been transformed into epsilon on cooling changed back 
to gamma between 200 and 400 degrees Cent. On heating 
the alloy to 600 degrees Cent., the alpha to gamma trans- 
formation is again obtained, (h). 

(2) If, however, the alloy is permitted to cool only to 100 de- 

grees Cent., and even if held at this temperature seventeen 
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hours, as it was in the case of the curve shown at (}), 


no evidence will be found for the alpha to gamma trans- 
formation on heating through the range in which this trans- 
formation is ordinarily observed, (Ik). 


It is concluded from the runs shown in Fig. 5, as well as many others 
on this alloy, that the epsilon phase, after its formation on cooling, 


remains relatively stable and changes back into gamma on heating to 








Fig. 7—“B” is the Theoretical Dilatation Curve 
for the Phase Diagram Shown; “C,” for the Phase 
Soundary Lines More Nearly Parallel. 


about 200 degrees Cent. and that the alpha phase which appears is 
formed at the expense of the gamma iron. 

The 16, 20, and 26 per cent manganese alloys (Fig. 6) show a 
progressive lowering of the epsilon-gamma transformation points, a 
smaller percentage of epsilon formed, and no definite indication (from 
dilatometric observations) of the formation of the alpha phase. The 
29 per cent alloy shows no hysteresis loop, but the marked change in 
slope near room temperature agrees with the X-ray data, indicating 
that some epsilon is still formed. 

The great difference in temperature between the transformation 
on heating and the transformation on cooling in the 4+ per cent and 
7 per cent alloys is usually ascribed to ‘“‘sluggishness.’’ Accordingly, 
in the case of the 7 per cent alloy, an attempt was made to determine 
the rate of transformation of gamma to alpha at temperatures higher 
than that at which the transformation occurred at the relatively rapid 
cooling rate used for the observations. Holding this alloy, however, 
at 630 degrees Cent. (1165 degrees Fahr.) for seventeen hours and 
at 400 degrees Cent. (750 degrees Fahr.) for forty-one hours pro- 
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duced no observable transformation of gamma to alpha. It wa 























found, however, that varying the rate of temperature change on pass : | 
ing through a phase change does have a marked effect on the rate of , 0 
change of length. 4 
Effect of Heating Rate : \ 
= . ; ‘ ‘ a 
lo determine the manner in which the length may be expected | 
; : ‘ SS ; ’ 
to change on going through a transformation occurring over a con ‘ 
siderable temperature range, certain simple assumptions may be made. ; 
“ 4 
Be 5 
= . 
8 . 
E 
“ 
600°C 700°C i 
Fig. 8—A Two and One-Half-Hour Heating Through the Alpha 5S 
Gamma Range of the Seven Per Cent Alloy Compared with a Six BS 
Minute Heating. ‘3 
Curve “B,” Fig. 7, has been obtained graphically by reasoning that 
the fractional change which has taken place at the temperature T on 
cae ie Ng eaelaae say tie 
heating is given by the ratio- in the equilibrium diagram, Fig. 7; 
a+b 
and that the length of the specimen will be divided in this ratio be- 
tween the length for each phase alone when the thermal expansion 
curves are extrapolated to the temperature T. The same curve re- 
sults on cooling. As the phase boundary lines in the equilibrium dia- 


gram become more nearly parallel, the curve assumes the shape of 
“C,” Fig. 7. Similar curves are expected if the phase boundary lines 
are curved. 


To test these conclusions, the 7 per cent alloy was taken through 
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the alpha-gamma transformation as slowly as could be managed with 
the means of temperature control available. In Fig. 8, observations 
of the usual rate of heating are shown by the smooth curve, circles 
indicating observations approximately one minute apart. The obser- 
vations for the slow rate of heating were made one minute apart and 
are indicated by dots. As the heating rate became slow enough to 
approach “equilibrium,” the observations appeared to approach the 
curve indicated by the dashed line, which is similar to the theoretical 
curve. 


DISCUSSION 


Written Discussion: By N. A. Ziegler, research laboratories, Westing- 
house Electric and Manufacturing Co., East Pittsburgh. 

Dr. Walters and his co-workers should be congratulated for an excel- 
lent piece of research. The writer from personal experience knows most ol 
the difficulties which are met in vacuum-metallurgical work. 


With the equipment which is at Dr. Walters’ disposal the design and 


operation of vacuum furnaces described by him is an interesting solution of 
the problem. 

I, however, believe that the best type of laboratory high frequency vacuum 
furnace is one described by Mr. Brace and myself,’ i. e., “the high frequency 
vacuum furnace of bell jar type.” The following are relative advantages of 
the “bell jar” furnace: 

1. All flexible and wax joints are eliminated, which makes control of 
vacuum and elimination of possible leaks much easier. 

2. Larger charges in a higher vacuum can be melted. In the furnace 
just mentioned, 12 pounds of electrolytic iron can be melted and maintained 
in molten state for an indefinite period of time in a vacuum of 0.001 milli- 
meters of mercury or better. 

3. Charging and cleaning of a bell jar furnace is much easier. In the 
furnace described by Dr. Walters it is necessary to manipulate in a long and 
narrow space. 

4. The danger of a crucible breaking and molten charge running out is 
less, because the crucible is supported by a flexible water-cooled copper helix 
(which also acts as the heating element ). 

However, a considerable drawback of a bell jar furnace is that, due to 
the fact that the high frequency coil is in vacuum, it is restricted to relativels 
low frequencies and voltages, obtainable only from a high frequency gener- 
ator. With an Ajax-Northrup mercury gap oscillator, which is used by Dr 
Walters as a source of power, very high voltages are developed. For this rea- 
son the heating coil cannot be placed in vacuum on account of severe sparking 
heing developed, and danger of ruining the furnace. 


_7P. H. Brace and N. A. Ziegler, ‘A High Vacuum Induction Furnace, and its Appli 
cation to the Study of Gases in Metals,” Proceedings, Institute of Metals Division of Amer 
can Institute of Mining and Metallurgical Engineers, 1928, p. 594. 
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Hence, I once more wish to express my admiration of the excellent vacuu 
furnaces which Dr. Walters and his colleagues succeeded in constructing. 

Written Discussion: By F. T. Sisco, editor, Alloys of Iron Rese: 
Engineering Foundation, New York City. 

It seems hardly necessary to comment on the quality of the work by D: 
Walters and his associates as outlined in these four papers, or to call atte: 
tion to its importance. Surely no ferrous alloys rank higher in importan 
than those of the binary iron-manganese or the ternary iron-manganese-carb 
systems. Hadfield’s original research on 14 per cent manganese steel was rx 
ported more than 40 years ago and a large amount of work has been done oi 
commercial manganese steel in the interim, but in spite of this we have little r: 
liable information on the censtitution of the pure ternary alloys. Even th 
binary system has received scant attention. This will be evident if the results by 
Walters and his associates are compared with work done in the past. Even the 
equilibrium diagram in the International Critical Tables (Vol. II, p. 450) rep 
resents information far from the truth. 

The effect of extremely small amounts of solid and gaseous impurities on 
the properties of pure metals is only now being fully appreciated. Much oi 
the past research work on binary and ternary iron alloy systems is wholly, o1 
at least partially, invalidated because the investigator did not pay sufficient 
attention to the effect of accidental or unavoidable impurity. It is gratifying 
to note that Dr. Walters and his associates have used great care in the prepara 
tion of their alloys, and have apparently considered every variable which might 
affect the accuracy of the results. 

This investigation on the binary alloys, and work now in progress on the 
ternary alloys should be of marked value in clarifying our knowledge of the 
iron-manganese system. It is unfortunate that the authors have not presented 
a tentative equilibrium diagram of the binary alloys. It is hoped that this 
will be forthcoming soon. 

Written Discussion: By Marcus A. Grossmann, [Illinois Steel Com- 
pany, Chicago. 

Dr. Walters has rendered a distinct service in organizing and carrying 
out these researches on alloys of iron and manganese. The distillation of the 
manganese in vacuum is a warrant for the purity of the alloys studied. His 
Figs. 5 and 6 on page 595, indicating the critical points, give a clear picture 
of the positions and intensities of the transformations in the alloys up to about 
20 per cent manganese. His Fig. 8 on page 597 and the discussion of the trans- 
formation points in the alloy with 13 per cent manganese, will be particularly 
interesting in further study of Hadfield manganese steel, especially also in con- 
nection with Mr. Scott’s dilatation studies. We look forward to a continuation 
of these studies to include appreciable carbon contents. 


Authors’ Closure 
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discussed our papers for 


In regard to the advantages of the bell jar vacuum furnace Mr. Ziegler 
neglected to point out that better coupling between the coil and the charge is 
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ured in his furnace. We have used our furnace two years without an acct 


nt. In the distillation of manganese, the pressure drops to 0.001 millimeters 
ward the end of the run. In melting electrolytic iron, we stop when the 
ressure falls to 0.01 millimeters, because at this pressure the carbon is usually 
wn to the desired limit, 0.01 per cent. Our furnace does not involve the use 
copper-glass seals and can be constructed by any mechanic for about a hun- 
red dollars. 

We have not presented even a tentative equilibrium diagram at this time be- 
cause further studies of the alloys are in progress ; a redetermination of the solidus- 
liquidus, thermomagnetic analysis, the variation of electrical conductivity with 
temperature, further X-ray studies, and the effect of cold work upon the 


transformations. 
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metals due to low temperatures. Perhaps the most complete stud) 
the effects of low temperatures on the impact resistance ot steels 
that made by F. C. Langenberg' who lists twelve papers, seven 
ritten prior to 1910 and five between 1910 and 1922, none of which 
vere available to the authors. (ther writers who have made con 
‘ributions are Reinhold*?, Charpy*, Guillet’, Yamada‘®, Morrison and 
Cameron® and R. W. Moffatt’. Moffatt’s work was done in the 
testing laboratories of the University of Manitoba in which one ot 
the authors was associated. His paper published in 1930 and Mor 
rison and Cameron's 1n 1927 are to the knowledge of the authors 


the most recent contributions to the subject on this side of the At 


lantic. 


PROCEDURE OF INVESTIGATION 


Two series of experiments were conducted. ‘The test pieces 
used in the first series were made from steel rails furnished by the 
Canadian National Railways, one a new rail, the others having been 
in service for a number of years, lor the second series of tests, 
billets of open-hearth iron and of steels contaiming 0.10, O42 and 
0.92 per cent carbon were provided. 

From the rails, specimens Y% inch square and 16 inches long 
were machined. The specimens were taken trom five sections ol 
each rail, namely, the web, the gage side of the head, the outside ot 
the head, the gage side of the base and the outside of the base The 
specimens were carefully shaped to standard Izod test pieces sized 
to a special steel gage block and tested in an Izod 100 foot-pound 
single-blow impact machine. The test pieces were cooled to the de 
sired temperature with acetone and dry ice (solid CO,) kept ma sil 
vered Dewar flask. The temperatures were measured with a spirit 


thermometer graduated in degrees Cent. The test pieces were raised 








KF, ¢ Langenberg, Journal, Iron and Steel Institute, Carnegr Scholarship Memon 
Vol. 12. 1923. Also Transactions, American Iron and Steel Institute, 1923 S49.381 








Mr. Reinhold, Ferrum, Vol. 13, 1916 








Mr. Charpy, Comptes Rendus, Vol, 158, 1914, p 11-314 








‘Guillet and Revillon, Revue de Metallurgie, Vol. 6, 1909, p. 94-101 and Y18-924 






‘Mr. Yamada, Science Reports, Tohoku Imperial University (1) 1, No. 5, 1926 
**Impact Resistance of Steels at Low Temperatures by Cameron, paper read to km 


ire Mining and Metallurgical Congress, Kdmonton, Alberta Canada 14 





“The Effect of Low Temperatures upon the Impact Resistance of Steel Castings 


R. W. Moffatt. Canadian Journal of Research, Vol. 2, May, 1950 
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IMPACT CHARACTERISTICS OF STEEL RAILS AT LOW 


TEMPERATURES 
By J. F. CUNNINGHAM AND JAMES GILCHRIST 
Abstract 


In the pearlitic rail steels tested, a reduction in impact 
resistance was found to occur gradually down to temper- 
atures of —18 to —20 degrees Fahr. From that temper- 
ature down, the resistance to shock has reversals at fairly 
definite temperatures. Tests were also made on carbon 
steels containing 0.10, 0.42 and 0.92 per cent carbon and 
also open-hearth tron. With the exception of the 0.10 
per cent carbon rivet steel all the materials show this defi- 
nite change in tmpact values at simular temperatures. The 
0.10 per cent carbon rivet steel does not show similar re- 
versals but gradually loses resistance to shock after a tem- 
perature of —40 degrees Fahr. is passed. Conclusions are 
drawn that the different components (cementite, ferrite, 
etc.) may have different coefficients of contraction due to 
temperature change, and cause minute strains mm the struc- 
ture, fully developed at or near —18 to —20 degrees Fahr. 
Also that these coefficients may be constant down to a 
temperature of —18 to —20 degrees Fahr. but not below 
that temperature. 


URING the winter of 1929-1930 Canadian railway companies 





suffered severe losses from rail fractures, the fractures oc- 


curring mainly in the very cold belts in sub-zero temperatures. 


vestigation showed that the failures were not caused by fissures in the 
metal and as no data were available on the effect of low tempera- 
tures on steel rails the authors outlined a series of laboratory tests to 


in- 


determine the effects of low temperatures on impact resistance of rail 


sections. 


were however interested in physical rather than mechanical changes 


Some work has been done in this field by Sir Robert Had- 
field, Professor Kammerlingh Onnes and Sir Edward Dewar who 








A paper presented before the Thirteenth Annual Convention of the society 


held in Boston, September 21 to 25, 1931. 


of the 


Of the authors who are members 
society, J. F. Cunningham is superintendent and engineer of tests at the 
engineering testing laboratories, University of Manitoba, Winnipeg, Canada, 


and James Gilchrist is steel supervisor and chief inspector of materials, Canadian 


National Railways, Winnipeg, Canada. 
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in metals due to low temperatures. Perhaps the most complete study 
of the effects of low temperatures on the impact resistance of steels 


' who lists twelve papers, seven 


is that made by F. C. Langenberg 
written prior to 1910 and five between 1910 and 1922, none of which 
were available to the authors. Other writers who have made con- 
tributions are Reinhold*, Charpy*, Guillet‘, Yamada’, Morrison and 
Cameron® and R. W. Moffatt’. Moffatt’s work was done in the 
testing laboratories of the University of Manitoba in which one of 
the authors was associated. His paper published in 1930 and Mor- 
rison and Cameron’s in 1927 are to the knowledge of the authors 
the most recent contributions to the subject on this side of the At- 
lantic. 


PROCEDURE OF INVESTIGATION 


Two series of experiments were conducted. ‘The test pieces 
used in the first series were made from steel rails furnished by the 
Canadian National Railways, one a new rail, the others having been 
in service for a number of years. For the second series of tests, 
billets of open-hearth iron and of steels containing 0.10, 0.42 and 
0.92 per cent carbon were provided. 

From the rails, specimens ™% inch square and 16 inches long 
were machined. The specimens were taken from five sections of 
each rail, namely, the web, the gage side of the head, the outside of 
the head, the gage side of the base and the outside of the base. The 
specimens were carefully shaped to standard Izod test pieces sized 
to a special steel gage block and tested in an Izod 100 foot-pound 
single-blow impact machine. The test pieces were cooled to the de- 
sired temperature with acetone and dry ice (solid CO.) kept in a sil- 
vered Dewar flask. The temperatures were measured with a spirit 


thermometer graduated in degrees Cent. The test pieces were raised 


1F. C. Langenberg, Journal, Iron and Steel Institute, Carnegie Scholarship Memoirs, 
Vol. 12, 1923. Also Transactions, American Iron and Steel Institute, 1923, 349-381. 


*Mr. Reinhold, Ferrum, Vol. 13, 1916. 


’Mr. Charpy, Comptes Rendus, Vol. 158, 1914, p. 311-314. 





‘Guillet and Revillon, Revue de Metallurgie, Vol. 6, 1909, p. 94-101 and 918-924, 


‘Mr. Yamada, Science Reports, Tohoku Imperial University (1) 15, No. 5, 1926. 


***ITmpact Resistance of Steels at Low Temperatures,’ by Cameron, paper read to Em 
pire Mining and Metallurgical Congress, Edmonton, Alberta, Canada, 1927. 


™The Effect of Low Temperatures upon the Impact Resistance of Steel Castings,”’ by 
R. W. Moffatt. Canadian Journal of Research, Vol. 2, May, 1930. 
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and lowered through the solution by means of an attached thread, and 
the temperature brought to the desired point after immersion. [1 
this way it was thought that more accurate results could be obtain 

than by allowing the cold solution to be raised from extremely low 
temperatures by the immersion of the warm test pieces. Also a more 
uniform temperature throughout the section of the test piece could 
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Fig. 1—Effect of Low Temperature on Impact 
Properties of Rails A and B. Curves Plotted from 
Average Values of Five Specimens. 












be obtained by this means. The size of the Dewar flask available 
was such that only three specimens could be cooled at one time. In 
order to measure the temperature gradient in moving the specimens 
to the vise of the testing machine, a dummy test piece was made 
which had-a hole for the thermometer in the center. It was found 






that except at very low temperatures the rise in temperature in trans- 
ferring the test piece from the cooling medium to the testing machine 
was negligible. A further precaution was taken by cooling the ma- 






chine vise with CO, snow in the summer and by keeping the labora- 
tory windows open in the cold winter months. 

The results obtained are indicated in the tables and charts. 
Table I contains the impact values obtained from testing two sets of 





test pieces from the rails. The test pieces were broken at five tem- 
peratures: 20, —20, —32, —36 and —60 degrees Cent. (68, —4, 

26, —33 and —76 degrees Fahr.). It was noted that the impact 
values decreased as the temperature of the pieces was lowered from 
20 to —32 degrees Cent. (68 to —25 degrees Fahr.) and that a fur- 
ther lowering of the temperature to —36 degrees Cent. (—33 de- 
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d, and Degrees Centigrade 
a .. ae 0 -10 -20 -JO -40 -50 
ie ; © = Rail Specimen No. } 
tained . " 2 
ly low F S “J 
a ge 40 
. more ; 
F x 
Could g 
~ 20 
reg 
S 
g 
Q 10 
& 
: 0 
68 J2 
y Degrees Fahrenheit 
E Fig. 2—Effect of Low Temperature on Impact 
Properties of Rail Specimens No. 1, 2 and 3. Curves 
Plotted from Average Values of Four Test Specimens 
for each Temperature. 
erees Fahr.) was accompanied in nearly every case by a correspond- 
ing rise in impact values. The conclusion appears to be that there is 
a definite reversal in the impact values of steel rails around a tem- 
perature of —32 degrees Cent. (—26 degrees Fahr.). In the table 
the test pieces marked A,, A.,, etc., are from one of the used rails, 
those marked B,, B., etc., are from the new rail. Each number in 
ite hie the table is the average of two tests. Fig. 1 shows average impact 
c 
‘— * values of the two rails A and B. The upper curve is plotted from 
iti the average values of the five “A” specimens recorded in Table I; 
made 
bie Table | 
UT Impact Value in Ft.-Lbs. Per Square Inch at Various Temperatures of Two Rail Steels 
trans- % Increase in Impact 
shine au” €. 20° €.. hl 36° C. 60° C. Resistance Between 
. hinc Specimen 68° F. oe 20° F. ae 76” 3. 20 and ao Be 
e ma- Ai 
Gage side 59.5 55.0 31.8 38.6 23.2 4+24.4 
\bora- Ao 
Outer side 69.7 38.5 23.6 46.3 23.9 +-96.3 
As 
Web. 67.3 31.1 23.4 33.8 15.5 +43.6 
harts. Ag 
Outer base 69.1 45.1 33.8 44.6 18.6 +-24.2 
ts ol E As 
Gage base 110.5 55.8 32.8 32.5 42.2 - 1.54 
tem- Bi 
Gage side 88.8 57.6 20.7 21.6 14.3 + 4.34 
4, Bo 
Outer side 16.4 12.3 16.7 16.2 14.3 — 3.08 
npact Bs 
Web. 15.3 15.8 14.2 16.0 14.3 + 11.3 
from Bs 
° Gage base 24.4 16.3 16.4 21.9 14.2 }- 33.5 
| tur- Bs 


3 de Outer base 24.3 15.5 14.6 16.3 14.8 + 11.6 
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the lower curve the average values of the five “B”’ specimens. Thus c 
each point plotted represents the average value of ten test pieces. FE 
b sl 
In order to study this phenomenon more completely 400 test H 
pieces were machined from rails C and D, and tested at increments : 
of 2 degrees Cent. between —28 to —40 degrees Cent. (—18 to —40 
degrees Fahr.), that being the range of paramount interest. Test 
pieces No. 1, 2 and No. 3 were made from the base, head and wel) 7 
respectively of rail “C” No. 4, No. 5 and No. 6 from the correspond- c 
- ax IN 
ing portions of rail “D.” i R 
The chemical compositions of the six groups are as follows: 4 
No. 1 sase No. 2—Head No. 3—Web Ps 
Rail “C”’ Per Cent Per Cent Per Cent Bs 
Carbon 0.60 0.57 0.60 #4 1 
Manganese 0.75 0.76 0.76 a 
Phosphorus 0.055 0.050 0.050 3 1 
Sulphur 0.032 0.030 0.030 bE: 
BS 
No. 4——Base ; Head No. 6—Web Fi 
Rail **D”’ Per Cent Per Cent Per Cent 
Carbon 0.62 0.62 0.60 es 
Manganese 0.72 0.72 0.72 E 
Phosphorus 0.022 0.020 0.020 e 1 
Sulphur 0.029 0.030 0.030 oe 
a 
The results are shown in Fig. 2 and Fig. 3 which are plotted Ki 
& : 
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Fig. 3—Effect of Low Temperature on Impact 
Properties of Rail Specimens No. 4, 5 and 6. Curves 
Plotted from Average Values of Four Test Specimens 
for each Temperature. 













from the average impact value of four test pieces for each point of 
the curves. Indications of reversal of impact values are to be seen 





at temperatures from —28 to —30 degrees Cent. (—18 to —22 de- 
grees Fahr.). In this connection it is interesting to note that in the 
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IMPACT TESTS AT LOW TEMPERATURES 


Table Il 
Showing the Variation Between the Maximum and Minimum Values for Each Set of 
Four Specimens Which Were Averaged for Points on the Curves. 


Figures given in foot-pounds per square inch 


mp. Deg. 

Cent. 3 13 20 28 30 32 34 36 8 4() $5 0 
Lemp. Deg. 2 

Fahr 26.6 8.6 + 18.4 22 25.6 ye 32.8 36.4 +0) 49 8 
Rail 1 0 0 1.91 0 0 0) 9.72 9.72 0 3.82 1.91 U 
Rail 2 3.43 0 1.91 0.76 0 3.05 1.91 72 3.82 0.76 3.82 1.9] 
Rail 3 a 0 0.76 0 See 5.72 1.14 ioe ee 3.82 S44 4.5% 
Rail 4 1.91 0 3.80 0 0 5.72 2.67 0 0 0 1.53 0 
Rail 5 eee ; oe e6 0 0 Q 2.67 3.82 3.82 0 0 0 
Rail 6 0 0 0 1.91 0.91 0 1.91 1.9] 3.82 3.05 1.91 1.91 

The maximum difference......5.72 foot-pounds per square inch 
] I | 


most recent paper by F. Sauerwald and Kk. A. Pohle* mention is 
made of both brittle and ductile breaks occurring in iron at various 
temperatures between —180 and 90 degrees Cent. (—292 and 
130 degrees Fahr.) especially in two-crystal systems. Fig. 4, Fig. 
5 and Fig. 6 show representative structures containing minimum, 
mean and maximum amounts of excess ferrite in the six groups men- 
tioned above. In Table II are shown the differences in maximum and 
minimum impact values averaged for each set tested, the greatest 
value being 5.72 foot-pounds per square inch. 
The nature of the materials used in the second series of tests 
is shown in the following tabulation: 


Special Steel Intermediate Steel Rivet Steel Open-Hearth Iron 


Per Cent Per Cent Per Cent Per Cent 
Carbon 0.92 0.42 0.10 0.02 
Manganese 0.68 0.58 0.40 
Phosphorus 0.036 0.021 0.018 
Sulphur 0.055 0.035 0.036 


Test pieces similar to those in the first series were prepared and 
the same methods of testing employed. The results shown in Fig. 8 
A definite 


35 degrees 


indicate a similar behavior to that observed in steel rails. 
reversal of impact resistance occurs in the vicinity of 

Cent. (—30 degrees Fahr.). Each point on the curves represents an 
average of four tests. The tests on 0.10 per cent rivet steel, the results 
for which are shown in Fig. 9, reveal that there is no reversal of im- 
pact resistance. Instead there is manifested a high resistance to 1m- 
pact until a temperature of —40 degrees Cent. (—40 degrees Fahr. ) 
is reached after which there is a gradual decrease in impact resistance. 


“Ueber den Bruchvorgang in Eisen bei tiefen Temperature,’ by K. A. Pohle, Zeitschrift 
fiir Physik, Vol. 56, 1929, Nos. 7 and 8, p. 576-578. Also Zeitschrift fiir Physik, Vol. 67, 
January 1931, Nos. 3 and 4, p. 179-183. 
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Fig. 4—-Photomicrograph of Rail No. 6. Taken from the Web Section. 
5 


Fig. Photomicrograph of Rail No. 2. Taken from the Head Section. 
Fig. 6—Photomicrograph of Rail No. 1. Taken from the Base Section. 
Fig. 7—Photomicrograph of 0.92 Per Cent Carbon Steel. All Specimens Etched 


in 2 Per Cent Nital. Specimens Figs. 4, 5 and 6 X 175. Fig. 7— x 350. 
At —70 degrees Cent. (—94 degrees Fahr.) which is the lowest tem- 
perature at which tests were made the resistance to impact is less than 
one-third of the value at —40 degrees Fahr. At no point in this 
range of temperature is there any indication of reversal of resistance 
to impact. 


DISCUSSION 


A study of the fractured edges appears to reveal that the frac- 
tures in rail steel follow through the large pearlite grains and follow 
the contour of the lamellz at the temperature of —29 degrees Cent. 
(—20 degrees Fahr.). At the lower temperatures the fracture is in- 
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pendent of the structure of the metal and the metal breaks without 
any apparent deformation. The specimens tested at the higher ranges 
of temperature show a distortion due to elongation at the edges. This 
is more easily illustrated by the 0.10 per cent carbon rivet steel lig. 
Degrees Centigrade 
-20 -350 -40 -50 


e = 0.92 Carbon Stee/ 
x2#Q42 + ’ 
s = Armco Iron 





Degrees Fahrenheit 


Fig. 8—Effect of Low Temperatures on Impact 
Properties of Open-hearth Iron, 0.92 and 0.42 Per Cent 
Carbon Steels. Curves Plotted from Average Values of 
Four Test Specimens. 


Degrees Centigrade 
-20 -JO 


Impact in Ft-Lbs. per 5q_In. 


-4 
Degrees Fahrenheit 


Fig. 9—Effect of Low Temperatures on Impact 
Properties of Rivet Steel—0.10 Per Cent Carbon. 


10 where it can be noted that the necking gradually decreases as the 
temperature is reduced down to —40 degrees Fahr. The fracture in 
the material is fibrous in appearance down to a temperature of —34 
degrees Cent. (—29 degrees Fahr.) and gets gradually more crystal- 
line in appearance until at —40 degrees Fahr. the whole fractured sur- 
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IMPACT TESTS AT LOW TEMPERATURES 





face becomes bright crystalline in appearance and the upper portion is 


completely severed in the test. Mention of this is made by F. Sauer- 
wald and K. A. Pohle*, who state that at normal temperatures the 
fracture is intracrystalline, but with decreasing temperatures down 
to —170 degrees Cent. (—274 degrees Fahr.) the fracture becomes 
intercrystalline. 

The 0.92 per cent carbon steel compares in results with speci- 
mens No. 1 and No. 4. The microstructure of the 0.92 per cent 
carbon steel Fig. 7 is small-grained pearlite, and the results show a 
marked decrease in resistance to impact at —30 degrees Cent. (—22 
degrees Fahr.) but do not reach that minimum value again down to 
~50 degrees Cent. (—58 degrees Fahr.). 

Specimen No. | has an excess of ferrite surrounding fairly large 
polyhedral pearlitic grains* and the resistance to impact of this ma- 
terial shows a large decrease as soon as 32 degrees Fahr. is passed, 
but again the minimum resistance occurs at —22 degrees Fahr. It is 
not quite as large a decrease as that of the 0.92 per cent carbon steel, 
but in both materials this minimum value is not reached again down 
to a temperature of —50 degrees Cent. (—58 degrees Fahr.). 

Specimen No. 4 is large-grained, fine pearlite* and little excess 
ferrite; the resistance of this material is the same at —28, —30, —40 
and —50 degrees Cent. (—18, —22, —40 and —58 degrees Fahr.), 
but between each of these temperatures there is a distinct rise in im- 
pact resistance. 

On comparing specimens No. 5 and No. 2, it was noted that the 
microstructures are quite similar, being large grains of medium pearl- 
ite* surrounded by a slight excess of ferrite. The minimum resist- 
ance to impact is reached in both these materials at —28 degrees Cent. 
(—18 degrees Fahr.) and the reversal of impact values in neither 
case is so marked as in the other steels. The actual results compare 
more nearly with those of open-hearth iron, although the normal tem- 
perature values are only about one-half those of open-hearth iron. 
This of course is due to the difference in ductility of the two ma- 
terials. These two specimens were taken from the head of rails “C” 
and “D” and the results show that each part of the rail has similar 
characteristics at low temperatures, although the impact resistance 
values vary for different parts of the rails. 

"NOTE: As it appears under 175 diameters. Also ref., TRANSACTIONS, American So 


ciety for Steel Treating, O. V. Greene, ‘‘Some Characteristics of Pearlite in Eutectoid Rail 


Steels,” Vol. XVI, July, 1929. 
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Comparing specimens No. 3 and No. 6, reversals still appear, 
No. 3 has large-grained medium pearlite* with quite an excess of 
ferrite. This specimen has a slight increase in the overall resistance 
to impact at lower temperatures. 


CONCLUSIONS 


1. In the specimens of rails tested, and in 0.92 per cent car- 
hon, 0.42 per cent carbon steels and open-hearth iron, there is a 
gradual decrease in impact resistance down to temperatures of —28 to 

-29 degrees Cent. (—18 to —20 degrees Fahr.). From this point 
the resistance to impact has reversals at fairly definite temperatures. 

2. Uncertain results may be expected in shock resistance below 
a temperature of —29 degrees Cent. (—20 degrees Fahr.). 

3. The only material tested not showing these reversals is the 
0.10 per cent carbon rivet steel which does not suffer from reduced 
temperatures until -—40 degrees Fahr. is reached. 

4. Ferrite grains from small to medium sizes will resist the 
lower temperature effects better than larger grains. 

5. Medium grains of medium pearlite with a slight excess of 
ferrite are more resistant to impact at low temperatures than either 
coarse or fine pearlite. 

6. Any excessive amount of free ferrite at grain boundaries 
is especially susceptible to impact at low temperatures. 

The following conclusions are submitted for consideration. 

1. The orientation of the pearlite lamellz in relation to the di- 
rection of the impact stress will be found to have a considerable ef- 
fect upon resultant values. 

2. Different components (cementite, ferrite, etc.,) having dif- 
ferent coefficients of contraction due to lowering of temperature, may 
cause minute strains in the structure which reach a maximum near a 
temperature of —28 to —29 degrees Cent. (—18 to —20 degrees 
ahr. ). 

3. These coefficients may be constant down to —18 to —20 
degrees Fahr., but not below that temperature. 

There is a vital need for more information concerning the be- 
havior of metals at low temperatures. 

For the sake of economy the factors of safety in design must be 
lowered, and with airplane, automobile and railroad transportation de- 
manding the utmost resistance in the severe winter in many parts of 
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DISCUSSION—IMPACT TESTS 


the continent, there is an important field of investigation in the low 
temperature, as well as the high temperature field. 
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DISCUSSION 


Written Discussion: By Alan FE. 
University of Alberta, Edmonton, Alberta, Canada. 
The authors’ paper forms a timely and welcome addition to the very 


Cameron, professor of metallurgy, 


limited literature on this important subject. The effect of elevated tempera- 
tures upon the properties of metals has received considerable attention in the 
past and will doubtless continue to do so in the future. But the equally if not 
more important subject of low temperature effects has been woefully neglected. 
Failure of steel rails, or axles or other rolling stock parts due to low tempera 
ture brittleness probably has been the direct cause of more accidents than we 
realize. It is to be hoped that this very interesting paper will give further 
impetus to detailed study of this subject. 

The authors’ investigations have brought to light a very interesting fact 
in the apparent reversal of impact-resistance at temperatures in the neighbor 
hood of —20 degrees Fahr. That the reversal is only temporary, however, 
should, perhaps, be emphasized more than is done in the paper. The persistence 
of this minimum point throughout practically all the steels tested is an inter- 
esting feature. 

Further interest is added when it is shown that this minimum persists even 
after heat treatment. I reproduce herewith two tables of results presented by 
Morrison and myself in the paper referred to by the present authors. Note 
that in the majority of cases the lowest recorded Charpy value is at 18 
degrees Fahr. and in all but one case it is at either —10 degrees Fahr. or —18 
degrees Fahr. The significance of this fact was not apparent to us at the 
time, we assuming it was probably largely experimental error, but the presence 
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results. 


The establishment of this critical temperature for minimum impact- 
resistance throws considerable light on what has heretofore been a debatable 
point in this district 
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Quenched 
at 1650° F 
Charpy 
Temp. of Value, 
Test, Ft. Lb. pet 
ma Std. Spec 
+68 $9.5 
+-12 shew 
3 $3.0 
10 $3.5 
18 $4.5 
22 49.5 


I have little comment to make on the conclusions offered by the authors 
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Table Ill 


THE 


of a critical temperature appears definitely substantiated by the present authors 


(Edmonton, Alberta), namely, that street car axle and 
rail failures do not tend to occur at the periods of low atmospheric temperatures 


such as 45 degrees Fahr. but are much more frequent during spells 


Heat Treatment—Experimental Results 


Ouenched 
at 1650° F. 
Drawn at 440° F. 


Charpy Charpy Charpy 

Temp. of Value, Temp. of Value, Temp. of Value, 
Test, Ft. Lb. per Test, Ft. Lb. per Test, Ft. Lb. pet 
F. Std. Spec. F. Std. Spec. °F. Std. Spec. 

68 54.0 +-68 61.5 168 67.0 

2 57.5 +-12 Se 2 69.5 

3 52.0 2 55.0 2 61.5 

10 50.5 10 50.5 10 60.5 

18 58.5 18 58.5 18 62.5 

22 58.5 23 58.5 23 64.0 





Quenched 
at 1650° F. 


Drawn at 810° F. 


of intermediate temperature, namely those around 


Charpy impact tests on steel ‘‘A”’ (Carbon 0.10 per cent) 


Quenched 
atl1650° F. 


Drawn at 1175° F. 








Normalized 
at 1650° F 





Charpy 
Temp. of Value 
Test, Ft. Lb pe 







2. Std. Sper 
+68 67.0 
+-12 31.5 
2 50.5 
10 19.0 
18 6.0 
22 6.0 
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They seem well founded on the results of the investigations. 


cause intercrystalline strain is interesting. 


Quenched 
at 1575 °F. 


Table IV 


It would help to explain the great 
decrease in impact-resistance with increasing carbon content. 


Heat Treatment—Experimental Results 


Quenched 
at 1575° F. 
Drawn at 440° F. 
Charpy 
Value, 


Temp. of 


Test, Ft. Lb. per Test, Ft. Lb. per Test, Ft. Lb. per 





Quenched 
at 1575° F 


Drawn at 810° F. 


Charpy 


Temp. of Value, 


Charpy impact tests on steel “B”’ (Carbon 0.34 per cent) 


Quenched_ 

at 1575° F. 
Drawn at 11 

Charpy 

Temp. of Value, 


—2() degrees Fahr. 


Their suggestion 
that the different components may have different coefficients of contraction and 


Grain size is un 


75° F. 











Normalized 
at 1575° F. 
Charpy 
Temp. of Value, 
Test, Ft. Lb. pet 














Charpy 
emp. of Value, 
Test, Ft. Lb. per 
“we Std. Spec. 
+68 26.5 
+12 11.0 
$ 10.5 
10 8.0 
18 12.0 
5 15.0 


doubtedly of prime importance in impact-resistance. 


that a granular or crystalline fracture indicating intercrystalline failure was 


°F. Std. Spec. 
1-68 16.5 
+12 14.0 
4 1Z.3 
10 14.0 
18 9.5 


°F. Std. Spec. 
+68 30.0 
+12 23.3 
4 24.0 
10 22.0 
18 2i.3 
26 21.0 


°F. Std. Spec. 
+68 42.0 
+12 1.5 
4 26.5 
10 27.0 
18 26.0 
26 31.0 


°F. Std. Spec 
1-68 29.0 
+-12 20.7 
3 18.0 
10 17.5 
18 8.0 
24 9.0 

















Morrisen and I also noted 


characteristic of Charpy breaks under low temperature conditions. 


like to point out that the present authors’ results on low carbon steel (rivet 
steel) do not agree with our results on normalized 0.10 per cent carbon steel 


This is clearly shown in our Table III reproduced herewith. 
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It seems there are several interesting points 
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rere, one of which is the new, or at least little known, reversal in impact prop- 


erties around minus 25 to 30 degrees Fahr. 

The fact that these papers have been presented to us today indicates the 
interest in low temperature properties of metals. No one has said anything 
about aircraft. This subject is of great importance in aircraft construction and 
use. We have several fields to consider—the railroads, the low temperature 
refrigeration equipment, aircraft, and in some cases even our own automobiles. 

In referring to the discrepancy pointed out in the discussion by Cameron 
on the 0.10 per cent carbon steel, I would like to ask Mr. Gilchrist what con 
dition the 0.10 per cent carbon rivet steel was in. 

Mr. Gitcurist: The rivet steel was “as rolled.” 

CHAIRMAN ARCHER: It would seem that that might have considerable 
bearing on the matter. Table II] quoted by Cameron shows excellent mark- 
ings of impact properties in quenched and drawn materials, but a marked falling- 
off again at minus 10 degrees in the case of normalized material. It seems 
quite likely that the hot-rolled material referred to by Mr. Gilchrist may have 
differed in two ways from normalized material. It may have had some heat 
treatment effect and it may also have had some fiber or elongation of grain 
structure, which might assist very much in maintaining toughness at the low 
temperature. 

With reference to the impact test, I believe we are aware that in many 
steels we are dealing really with a notch test and not with an impact test. 

In the case of the temper brittleness of nickel-chromium steels, it was 
pointed out that slow bend tests on notched specimens gave substantially the 
same results as the impact tests on notched specimens, and that this slow bend 
test would reveal the temper brittle condition just as well. On the other hand 
I believe there are certain steels, or certain lots of steel, and that includes some 
low carbon material, possibly somewhat high in phosphorus, in which the rate 
of loading is also quite important, so we are really dealing with a specific test 
which certainly includes the effect of notches and may or may not include the 
effect of loading. 

On behalf of the meeting I wish to thank the authors for this paper. Our 
friends in Canada are in a better position than most of us to study and to ap- 
preciate the low temperature phenomena. It is very good that they bring it 
to our attention. 

T. S. Futter:* Mr. Cunningham and Mr. Gilchrist have expressed their 
impact results in terms of foot-pounds per square inch. Our consideration of 
the impact test has led us to believe that there is very little significance to that 
term. When one considers the anomalies of this test which have been pointed 
out by Max Moser in an article published in the TrANSAcTIONS of this 
Society in 1925, Vol. 7, pp. 297-320, in which he reported tests on impact speci- 
mens of the same material in different cross sections, where a material having 
the standard cross section may give a value of 50 foot-pounds absorbed, and 
the same material having double the cross section may still give a value of 
50 foot-pounds absorbed, the term “foot-pounds per square inch” loses its 
significance. 


*Research laboratories, General Electric Co., Schenectady, N. Y. 
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Authors’ Closure 


We are pleased that Prof. Cameron has offered such a welcome discussi 
and glad to know that his experience with low temperature effects upon st 
and iron tends to bear out our findings. It is true the reversal to impact 
about —20 degrees Fahr. is only temporary, but this point seems to be critical 
and further lowering of temperature brings uncertain results for a certain 
range. The results on 0.10 per cent carbon rivet steel are not the same 
those of his, owing we believe to the velocity of the blow 10.2 feet per second 
for Izod as against 17.39 feet per second for the Charpy. The higher velocity’ 
would likely fracture completely the tough specimens whereas our fractures 
were not complete until —29 degrees Fahr. were reached. Also a rough check 
on the 0.10 per cent carbon rivet steel after normalizing at 1650 degrees Fahr. 
cuts our original impact values approximately in half. We did not complete 
enough specimens to give any definite conclusions. Further experiments are 
being carried out to find if possible whether the different components do var) 
in the coefficient of contraction. 

Mr. Fuller questions the use of the term “foot-pounds per square inch.” 
True, there is very little significance to the term from the designer’s point of 
view. The unit values for notched bar specimens in impact is somewhere be- 
tween the square and the cube of the area. The authors do not consider that 
this detracts from the results as the velocity at impact,* carefully milled 
notches, uniform specimen size and each placed in the machine vise by means 
of a jig gage, means that our relative values are dependable, for after all, in 
its present state the impact test is purely a relative one and only indirectly 
of use to designers. 

Mr. Archer mentions the omission of aircraft. The authors think that 
aircraft requirements are really behind the present impetus being given to the 
investigation of the low temperature properties of metals. Any one who has 
witnessed the start off of a mail plane in a ground atmosphere of —35 to —40 
degrees Fahr., if metallurgically inclined, wonders just what the metals have 
really to stand. Shock and vibration we believe are the most important 
stresses to which aircraft are subjected. 

The closing remarks by Mr. Archer throw further light upon the reason 
for the different results the 0.10 per cent carbon rivet steel show when com- 
pared to those of Morrison and Cameron. There is no doubt that a straight 
normalizing of most steels is accompanied by a marked falling off in shock 
resistance. The material used in the “as-rolled” condition gave a fracture of 
fibrous appearance whereas a normalized bar of the same material does not 
show that condition so markedly. 

Low temperature properties of metals are very vital to the great central 
portions of Canada and we have shown something of our problem, to our 
friends in the south. They supply a great deal of the metal which we have to 
use, and if “cold brittleness” is a characteristic of the metals, then the demand 
might come to change these characteristics if possible. 


*Hadfield and Main, “‘Shock Tests and Their Standardization,’”’ Institute of Civil En 
gineers Proceedings, 1920. 


“Applied Elasticity,”” Timoshenko and Lessells Ist ed. Westinghouse Technical Night 
School Press, East Pittsburgh, Pa., 1925. 
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HARDENING PHENOMENA IN 
FUSION-WELD METAL 


TYPICAL 


By F. R. HENSEL AND E. |. LARSEN 
Abstract 


This paper deals with age hardening phenomena im 
arc welds caused by the precipitation of tron-nitrogen 
compounds. The changes im hardness, magnetic proper 
ties, electrical conductivity, and tensile properties as well 
as the structural changes have been imvestigated. The 
properties of arc welds are compared with those of gas 
welds, low carbon steel and ingot iron. 


INTRODUCTION 


Hie usual metallic are weld deposits are, according to their 
chemical analysis, nearly pure iron. Their behavior, however, 
differs greatly from that of pure iron in that their physical properties 
can be changed considerably by suitable heat treatments. They have 
a tendency to embrittlement due to the fact that they possess age 
hardening properties which is an indication that they are not pure 
metals, but metastable solid solution alloys. In the are welding proc- 
ess, oxygen and nitrogen, the two main constituents of the air, are 
ionized and enter the deposited metal either in the form of oxides 
and nitrides or through absorption by the molten steel. 

In recent years the problem of the influence of gases upon the 
physical properties of metals has been studied by a number of inves- 
tigators and it is hoped that the results of this paper are another 
step in the direction of solving this problem definitely. It must be 
pointed out that this investigation is not yet complete and that this 


paper, therefore, may be regarded only as a progress report. 


MATERIALS 


Most of the tests were made on pads obtained by a deposition 
of commercial bare welding wire. A few tests were made on com- 


mercially available “V” arc welds prepared by special processes and 


A paper presented before the Thirteenth Annual Convention of the society 
in Boston, September 21 to 25, 1931. The authors are associated with the 


research laboratories of the Westinghouse Electric and Manufacturing Co., 
Kast Pittsburgh, Pa. Manuscript received May 26, 1931. 
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by the use of special coatings. Comparisons were made between thes: 
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and gas welds and atomic hydrogen welds. Ingot iron and som 











































































low carbon steels were included in this investigation as seen from : 
Table I. The chemical analysis of most of the materials used for 
tests are recorded in Table II. 
Table | F 
Test Materials 
Description Ampere 
ee Metallic are welded pad, uncoated wire (0.02%C), 175 é 
— Metallic are welded pad, uncoated wire (0.29%C), 175 5 ? 
H 46 Metallic arc welded pad, uncoated wire (0.02%C), 150 $ ) 
H 47 Metallic arc welded pad, uncoated wire (0.02%C), 250 | 
H 48 Metallic arc welded pad, coated wire pom Meatses 200 : 
H 54 Metallic arc welded pad, coated wire ........, 800 
H 92 Metallic arc welded pad, uncoated wire (0.02%C), 200 
V 134 Metallic arc welded pad, uncoated wire (0.02%C), az 
= Low carbon steel plate, V-weld, 250 ; C 
— Low carbon steel plate, V-weld, 225 R 
"ts" Low carbon steel plate, V-weld, 
He 65 Carbon are weld pad, 500 
H 66 Carbon arc weld pad, 600 
= 3 Oxyacetylene weided pad 
H 39 Atomic hydrogen welded pad 
H 56 Ingot Iron 
57 Izett-Steel (Special Krupp material) 
58 Handpuddled wrought iron. 
A. Fry: Kruppsche Monatshefte 7 (1926). pp. 185-196 
uU. 3. P.. 1,729,378 
U. S. P. 1,700,674 
M. Ulrich: Z. Bayer, Rev.-V. 32 (1928), No. 5, pp. 53-57, 68-72 ; 
O. Bauer and H. Arndt, Z. Bayer, Rev.-V. 32 (1928) No. 21 i 
pp. 292-295 pp. 306-308 } 
j 
: 
Table II j 
Chemical Analysis of Test Materials j 
Mark Cc Si Mn S P Al W Slag : 
ef REA RAR ee 0.02 0.037 0.02 0.037 0.020. ...... ; 
CONE SN OE si wWinwinctarons Odeon 0.027 0.004 0.006 0.03 0.016 0.006 
ee Te 8s ead oe 0.028 0.003 0.27 0.035 0.010 0.003 iy 
Oxyacetylene weld H38........... 0.033 0.003 0.14 0.021 0.027 0.006 Z 
Atomic Hydrogen weld H39....... 0.033 0.008 0.15 0.008 0.005 0.009 0.26 r 
RINE, MONE IIs vs oa eie's. sky, a) scadenis 0.02 0.008 0.04 0.043 0.009 .... 8 
Pe Ed og ose 2 Sc owe 0.15 0.06 0.54 0.039 0.025 0.06 es a - | 
We COME (BUO REDO ccc cee Kecewas 0.015 0.044 0.035 0.009 0.016 eee besa) 
s | 
With the exception of Izett steel the C, Si, S and P contents of the | 
various materials are of approximately the same magnitude. 
Gas analyses were made by N. A. Ziegler’ by means of the 
vacuum fusion method. Nessler’s reagent was used for the deter- [FF 
mination of nitrogen by E. W. Beiter. The essential parts of the a 








‘Research 





Engineer, Westinghouse Research Laboratories. 
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itter method are: solution in hydrochloric acid, nitrogen com- 
ounds being reduced to ammonia and combined with the acid to 
orm ammonium chloride. The ammonia is displaced by caustic and 
istilled from the resulting ferrous hydroxide. 

Color is developed by Nessler’s reagent and compared with that 
produced by a standard ammonia solution. The nitrogen is caleu 


lated from the ammonia content. It is obvious that by the latter 
method only the nitrogen in form of iron or manganese nitrides” 
is determined while the vacuum fusion method gives the combined 
nitrogen and the nitrogen that is dissolved, adsorbed or mechanically 
blow holes. The fairly close agreement of the 
The data 


obtained by means of Nessler’s reagents are somewhat on the high 


held in pores or 
results as found by both methods is seen from Table IIT. 


side. 
Table Ill 
Gas Analysis of Test Materials 
Mark Ov Ne Ho Ne 
Vacuum Fusion Gas Analysis* Nessler’s Reagent 
Are weld H92 ; posal 0.143 
Ree I kaineneeea 0.259 0.127 0.147 
ROE he nk ene ees 0.183 0.093 0.128 
Arc weld H46 ........ 0.162 
Arc weld HH47 .....<s- 0.145 
Arc weld H48 ........ oe phate a a 0.129 
Pec wee Wis4. ...6.é. 0.785 (slag!) 0.171 0.003 0.139 
Oxyacetylene weld H38. 0.054 0.013 0.024 
Atomic Hydrogen 
et SP 0.053 0.017 0.005 (high!) 0.037 
Ingot Iron HS56 ....... 0.08 0.004 0.0065 
ae a: 0.00 0.00 0.0064 
0.0045 


0.0053 


Institute of Metals Division, A.I.M.E., 1928, p. 544. 


*Proceedings 


AGE HARDENING EXPERIMENTS 


The influence of nitrogen upon the properties of welds is still 
much discussed, although recent investigations have thrown more 
light upon it. That the iron-nitrogen system is an age hardening 
system is evident from the tentative diagram by Fry* and Epstein‘, 
shown in Fig. 1. This diagram is not an “equilibrium” diagram, 


as the iron-nitrogen alloys are unstable and equilibrium conditions 


“Jordan, Swindells, Bureau of Standards Scientific Paper No. 457 (1922). 


*‘Kruppsche Monatshefte, 1923, p. i38. 





‘Samuel Epstein, ‘‘Observations on the Iron-Nitrogen System,’’ TRANSACTIONS, Amer! 


1929, p. 19-65. 
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cannot be determined without taking account of the partial press 
of active nitrogen in the system. 

The line x in Fig. 1 indicates the approximate nitrogen conte 
of metallic arc welds made with a bare wire. According to the di 
eram, arc welds would have to be heated to about 600 degrees Cent 


(1110 degrees Fahr.) to be well within the alpha-solubility rane: 


15°%oN 





06 08 10 12 14 16 #16 20 
°fo NITROGEN 











Fig. 1 Iron-Nitrogen Diagram According to Fry and 
ait 
mpstein 


before quenching in order to develop fully their age hardening prop- 











erties. As a result of aging the constituent Fe,N will be precip 
tated in submicroscopic dispersion and cause embrittlement of the 
metal by blocking the slip planes and thereby obstructing plastic 
yielding. 

The tempering-hardness relations of arc welds are shown in 
lig. 2. The test samples were quenched from different tempera- 
tures and the resulting hardness was measured. The increase in 
hardness with the quenching temperature becomes very pronounced 
at 500-600 degrees Cent. (930-1110 degrees Fahr.). Above that 
temperature the hardness decreases. 

The effect of various aging temperatures following quenching 
from 600 degrees Cent. (1110 degrees Fahr.) is seen from Fig. 3. 


The maximum hardening effect occurs at room temperature. Aging 
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‘essurt in ice gave the same results as aging at 25 degrees Cent. ‘The 


reatest hardness is reached after approximately 50-60 hours and 











‘ontent no appreciable change of hardness occurs with further aging. Higher 
1e cli wing temperatures, e.g., lOO, 200 and 300 degrees Cent. (210, 390, 
; Cent. 570 degrees Fahr.) produce no increase in hardness above that 
rane aT. pr pnniepetengietieny pcm 
. | | | | | 
i 
180+ - 
| | 
170|—— 
160}— 
| 
veal 
140} 
” 
w 
” 130} 
Zz 
oO . 
f 120- 
= 
3 10h 
uJ 
€ 
100 
-AS RECEIVED 
90\_¥ t a ae 
100 200 300 400 500 600 700 800 900 
QUENCHING TEMP. IN DEGREES C 
Fig. 2—Effect of Various Quenching Temperatures on 


the Hardness of an Average Arc Weld. 


reached by quenching and the hardness decreases slowly at 100 


degrees Cent. aging temperature, more rapidly at 200 degrees Cent. 


g prop- and extremely rapidly at 300 degrees Cent. 

precipi- The effect of different quenching temperatures on the hardness 
of the : reached during aging at room temperature is given in Fig. 4. A 
plastic : quench from 600 degrees Cent. (1110 degrees Fahr.) produces the 


maximum hardness. The trend is downward with increasing quench- 


own in ing temperatures. 

smpera- Fig. 5 shows aging hardness curves of five commercial welds 
ease in nade with bare wire. All exhibit the same general aging character- 
10unced istics. Aging of are welds can be greatly reduced if protective coat- 
ve that ings and special techniques are employed. This is evident from 


Mig. 6. The susceptibility to embrittlement is apparently a function 


enchineg of the nitrogen content of the metal. In Fig. 6, therefore, the right 
Fic, 3 hand ordinate shows the amount of nitrogen necessary to produce 
oe : 


\oing the hardness values indicated on the left hand ordinate of the dia- 
Agin 
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gram. Some of the data in Fig. 6 are taken from a _ paper 
Kilender and Wasmuth.° 


In general our data check their result 
Small discrepancies are due to the fact that they used pure iron, whi 


for this investigation arc welds were employed which are n 








Fig. 3—Effect of Various Aging Temperatures on the 
Hardness of Metallic Arc Weld ‘“‘A” After 


Quenching 
from 600 Degrees Cent. (1110 


Degrees Fahr.). 
homogeneous and which contain a high percentage of oxygen. ‘The 


increase in nitrogen above a certain percentage apparently does not 


increase the hardness in the same proportion and arc welds con 


4 ~ 80 2 20 26 a 


Fig. 4—Hardness of Weld Samples Fig. 5—-Time-Hardness Curves 
“A” After Quenching from Different Are Welds Quenched 


lemperatures and Aging at Room grees Cent. (1110 
lemperature. 


ot 
from 600 De 
Degrees Fahr.) 
and Aged at Room Temperature. 


taining between 0.06 and 0.14 per cent nitrogen do not show appre 
ciable differences in their age hardening properties. 


If, therefore. 
‘improvements’ of welds are to be accomplished the nitrogen con- 
tent must not exceed the lower limit of 0.06 per cent N. Improve- 
ments mean a decrease of the nitrogen or gas content. 

The most practicable means of accomplishing that is, according 


‘Arch. Eisenhiittenw., Vol. 3, 1930, p. 662. 
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to our present knowledge, coatings and fluxes which fulfill two chief 
conditions : 


(1) Creation of a protective reducing atmosphere containing 
large amounts of free hydrogen. 
(2) Formation of a suitable slag having low melting point, 


low viscosity and low density. 


Gas welds and atomic hydrogen welds are apparently low enough 
in nitrogen to make their aging characteristics of minor importance 
for practical purposes. 


The difference between weld-metal deposited in a V-groove 


AVERAGE ARC WEL 
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Fig. 6—Effect of Nitrogen Content Fig. 7—Effect of Degasifying 
on Age Hardening Properties of Diffe: Treatments on Aging of Metalli 
ent Welds. Arce Welds. 


and in form of pads was quite noticeable. As might be expected, 
much better properties were obtained with weld-metal taken from 
a V-groove. 

For a comparison the slight amount of aging of ingot iron 1s 
shown in the same diagram, Fig. 6. 

The effect of degasifying treatments in hydrogen and vacuum 
upon the age hardening properties of an are deposited metal are 
shown in Fig. 7. After a hydrogen treatment at 1000 degrees Cent. 
(1830 degrees Fahr.) for four days the weld has lost its age harden- 
ing properties nearly completely. The proof that this treatment 
causes a loss in nitrogen is given in Table IV. 

This fact was reported previously by Walsted® who found that 


SJournal, American Welding Society, Vol. 8, Nov., 1929, p. 31-32. 
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Table IV 
Effect of Degasifying Treatments 





Nitrogen Con Nitrogen Cor 













tent Before tent After 
freatment Treatment 
Mark Treatment Per Cent Per Cent 
H92—+tensile test piece; + days at 600 degrees 0.142 0.106 
0.505 inch diametet Cent. in hydrogen. 
H9o2 tensile test piece; } days at 1000 degrees 0.142 0.030 
0.505 inch diameter Cent. in hydrogen. 
1192—chips 1 day at 1000 degrees 0.142 0.020 


Cent. in hydrogen. 














hydrogen combining with nitrogen in steel forms ammonia. Fur- 
ther, Epstein’ and McQuaid* pointed out the instability of iron 
nitrides which results in a gas evolution at temperatures as low as 
300 degrees Cent. 

Although it seems to be beyond doubt that nitrogen is the cause 
of age hardening, it might be well to discuss very briefly the influ- 
ence of oxygen® and carbon with respect to age hardening. 


The type and degree of age hardening caused by carbon is 
4 S S S a 














represented by the ingot iron sample in Fig. 6. The investigated 
welds all contain about the same amount of carbon as ingot iron, a 
fact which rules carbon out immediately. 

Oxygen seems to cause a certain amount of aging as shown by 
Kilender and Wasmuth*, the amount, however, being very small and 
decreasing to practically nothing with oxygen contents above 0.70 
per cent. Although their results are not very consistent they prove 
that the effect of oxygen on the aging phenomena of are welds is 


negligible and there is only nitrogen left as a probable cause. 








CHANGE OF PHYSICAL PROPERTIES DURING AGING 












a. Tensile Properties. 


welded pads we are confronted with the difficulty of obtaining com- 


In dealing with tensile properties of arc 


arable results on account of the nonhomogeneity of the material. 
> J 
\ll of the pads used in this investigation were carefully prepared and, 





Samuel Epstein, “Observations on the Iron-Nitrogen System,’ TrANsactTions, Ameri 
can Society for Steel Treating, Vol. XVI, No. 5, 1929, p. 21. 

















SH. M. McQuaid, “Discussion of Observations on the Iron-Nitrogen System,”’ by 
Samuel Epstein, Transactions, American Society for Steel Treating, Vol. XVI, No. 
1929, p. 63. 








‘Gerald Brophy, Journal, American Welding Society, Vol. 6, No. 9, 1927, p. 67. Alexander, 
Journal, American Welding Society, Vol. 8, No. 9, 1929, p. 94. 
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as can be seen from the following tables, fairly good results were 
btained. The tensile properties of series V-134 were rather poor. 
Cor (he tensile data of these pads are not given, although it may be 
mentioned that 1t was possible to correlate these data by plotting 


ent 
ave them as a function of the specific gravity, in which case the specific 
6 - o ; - . . <* 
eravity 18 a measure of the soundness of the material. From Fig. 8 
0 . ° . . ~ . 
it is evident that there is a steady increase of the tensile strength 
’ with specific gravity which points strongly to the importance of the 
soundness of the material. lurthermore, the interesting fact was 
revealed that the tensile strength at elevated temperatures is from 
Fur- 5000 to 10,000 pounds per square inch higher than at normal tem- 
On peratures for test pieces having the same specific gravity. This is 
Ww as probably a measure of the blue heat brittleness of the arc welded 
pads V-134. 
aise Tables V to VII and Figs. 8 to 12 give the tensile test data 
nflu- ; on metallic are welds, atomic hydrogen welds, oxyacetylene welds 
and some low carbon steels (ingot iron, Izett steel, wrought iron) 
ms after the following treatments: (1) As received, (2) As quenched 
rated from 600 degrees Cent. (1110 degrees Fahr.), (3) As quenched 
mM, a from 600 degrees Cent. and aged at room temperature. 
Standard tensile specimens having 2-inch gage length and 0.505 
n by inch diameter were used for all tensile tests except those on oxyacety- 
and lene and atomic hydrogen welds. In the latter case a sample having 
7() a : . ° 
0.71 0.250 inch diameter and 1l-inch gage length was used because of the 
rove small amount of material available. 
ds 1s Samples of pad “A” show an increase in ultimate strength after 
quenching which decreases rapidly with aging, while pad “C” shows 
Table V 
Tensile Properties of Arc Welded Pads “A” and “C” 
t are Ultimate 
com- A Yield Point Strength Elongation in Reduction 
Pounds per Pounds per 2 Inches Area 
erial. Mark Treatment Square Inch Square Inch Per Cent Per Cent 
As-received 38,500 55,000 135 13.0 
and. ~~ Quench 600 de 39,700 57,250 11.0 15.4 
; grees Cent. 40,000 80,000 0 (0) 
Bare wire 175 10,800 70,500 0 0 
Ameri Amperes Ream eee | IX Sie 30,000 0 0 
cor 58,500 0 0 
43.750 96,250 9.0 15.9 
pis “ae As-received 46,500 61,700 10.0 25 
ae 32,500 89,000 a.0 >.0 
ee Bare wire 175 Quench 600 de 46,000 92,250 3.6 5.0 
Amperes grees Cent. 24,500 103,250 1.5 ae 
Aged 8 days 29,500 95,000 1.0 1.2 


xander, 
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an increase in ultimate strength not only after quenching, but afte 


subsequent aging as well. In one case the relatively high value oi 
103,250 pounds per square inch ultimate strength was reached. The 


elongation values of the quenched and aged specimens decrease t 


ULTIMATE STRENCTH 
LONGATION 


_— 
8 & 
= S 


4 


§ 


POUNDS PER SQ IN 
eo 


QUENCHED FROM 
*C BAGED FOR 
~yY AT ROOM TEMP 


Fig. 8—Relation of Ultimate Strength to Specific Gravity of Arc Weld 
V-134 Tested at Various Temperatures. 

Fig. 9—Effect of Heat Treatment on Ultimate Strength and 
rest Pieces Cut from Metallic Arc Weld Pad. 

Fig. 10—Effect of Heat Treatment on Ultimate Strength 
Pieces Cut from Oxyacetylene Weld Pad H-338. 

Fig. 11—Effect of Heat Treatment on Ultimate Strength 
Pieces Cut from Atemic Hydregen Weld Pad H-39. 


Elongation of 
and Elongation of 


and Elongation of 











AGE 





HARDENING FUSION-IVELD METAI 649 


ifte : rractically zero. The conditions can be clearly seen from Fig. 9. 
— The stress-strain characteristics were automatically drawn by 
The in Amsler testing machine. The samples in the “as-received” condi 
“—s tion showed a definite yield point while none was detected after the 


heat treatment, the stress-strain curves being characteristic of a brittle 
material which fails with practically no yielding. 

In Table VI the tensile properties of are welds H46, H47, H4& 
and H54 are given. The same embrittlement characteristics are 
evident. 


Table VI 
Tensile Properties of Arc Welds H46, H47, H48, H54 


Ultimate 


Strength Reduction 
Pounds Elongation of Area 
Mark Heat Treatment Per Square Inch Per Cent Per Cent Brinell 
“H46” As-received 56,500 a.0 1.7 
Bare wire 53,500 2.3 +.0 
150 Amperes Ouench 600 de 83,750 0 0 
grees Cent. 85,700 0 0 
Aged 10 days 51,300 0 0 
66,400 0 0 eo 
51,750 5.6 1.9 126 
H47” As-received 52,900 7.9 7.2 116 
Quench 600 de 64,400 0.8 0 235 
Bare wire grees Cent. and 
250 Amperes aged one day $5,900 $ 0 255 
Aged 10 days 24,000 0.2 0 255 
55,400 15.0 $4.24 111 
‘*H48” As-received 51,150 10.0 isu 111 
Quench 600 de- 85.000 0.9 0 212 
Coated wire grees Cent. and 86,000 0.9 0 218 
200 Amperes aged one day 86,000 toe 0 oe 
Aged 10 days 91,800 0.3 0 269 
60,000 3.6 6.5 149 
“H54” As-received $6,000 Cie 3.8 123 
Quench 600. de- 73,150 0.5 0 230 
Coated wire grees Cent. and 65,800 0.5 0 225 
800 Amperes aged one day 71,700 0.6 0 230 
Aged 10 days 80,750 1.0 0 235 


The cases in which we obtain low ultimate strength, although 
; : the Brinell hardness is high, may be attributed to faulty material. 
Coating of the rods in samples H48 and H54 did not prevent embrit- 
tlement, probably because of improper selection of coating material. 
sets The values given in Table VII are mean values of 3 to 4 tests 
for each treatment. All test data were used for plotting the curves 
shown in Figs. 10 and 11. The changes of the atomic hydrogen 
weld specimens are relatively small and indicate the absence of 
me embrittlement. The. oxyacetylene pad, H38, showed a pronounced 
increase in ultimate strength. 


Test 


The elongation values decreased by 
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Table VII 
Tensile Properties of Pads H38, H39 
Ultimate 
Strength Elongation Reduct 


Pounds 1 Inch of Are 
Ileat Treatment Per Square Inch Per Cent Per Cer 


As-received 9.750 } 60.2 


Ouench 600 ¢ 56.600 32 67 
grees Cent 83.600 7.5 0) 
Aged 8 days 40.500 
Hi39” As-received 52.600 
Atomic hydrogen Ouench 600 « 67.100 
weld grees Cent 
Aged }& days 


wMED FROM 600° 
RAGED FOR 1© DAYS 
Al F mM TEMP 


Fig. 12—Efiect of Heat Treatment on Ultimate Strength and Elongation of Ingot 
lron. Krupp * Ivett’’ Steel and Wrought Tren. 


Fig. 13—-Change of Coercive Force During Aging at Various Temperatures o1 
Quenched and Slowly Cooled Metallic Arc Welds 


ipproximately 40 per cent of their original values but are still in the 
neighborhood of 20 per cent. 

The atomic hydrogen sample is not embrittled by aging, accord 
ing to the tensile data, although the gas analysis indicates that 11 
contains more nitrogen than the oxyacetylene weld. 

Nitrogen content alone is not an infallible indicator of suscep- 
tibility to aging. The primary requirement for age hardening is a 
decrease of the solid solubility with temperature of some component 
of the alloy in question. If, by sore means, the solid solubility of 


iron for nitrogen is increased—as might be possible by adding alloy- 
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ing elements—a decrease in aging effects will consequently be the 


result.'” 

for a comparison the changes of the physical properties of ingot 
iron, I[zett steel and wrought iron are plotted in Fig. 12. 

\ll three materials age somewhat. The amount of embrittle- 
ment, however, is so slight in all of them that it is hardly comparable 
with that encountered in are welds. 

Tensile tests were also made on carbon are welded pads but the 
unsoundness of the material caused the results to be quite erratic. 
The material, however, exhibited marked aging characteristics, the 
srinell hardness increasing from 90 to 210 and the elongation drop 
ping to zero, as a result of aging effects. 

b. Impact Values. A series of impact tests was run to check 
the tensile test results. The data are given in Table VIII. Each 


value is the mean of 4 to 6 tests made after each heat treatment. “The 


Table VIII 
Impact Values of Various Welds 


Average Foot-Pounds t 


Mark Hleat Treatment break in single blow 
“3s As-received 33.8 
Oxyacetylene Quench 600 degrees Cent 38.0 
Aged 8 days $.3 
“H39" As-received 68.0 
Atomic Hydrogen Quench 600 degrees Cent. 70.3 
Aged 8 days 79.0 
“146” As-received ao 
Metallic Ar« Quench 600 degrees Cent 2.0 
(Uncoated wire) Aged 10 days A 
‘*H66” As-received 10.0 
(Carbon Are Quench 600 degrees Cent. 2.7 
very unsound) Aged 10 days 1.0 
ee As-received 4.4 
\V-weld Quench 600 degrees Cent 4.3 
Aged 2 days 2.6 


results obtained were similar to those revealed by the tensile tests. In 
a number of cases the impact values increase after quenching, but drop 
considerably after aging. The velocity of precipitation seems to be 
slightly different in the various materials. The atomic hydrogen 
weld exhibited rather high impact values and showed no detrimen- 
tal aging effects. The impact strength increased after a treatment 
that embrittles the ordinary are weld. 

WW. E. Ruder and G. R. Brophy, Cheniical and Metallurgical Engineering, Nov. 9 


1921. H. H. Lester, TRANSACTIONS, American Society for Steel Treating, Vol XVI, 
No. 5, 1929, p. 16-17, 
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c. Magnetic Properties. W. Késter™ found that the coerciv: 
force is a sensitive indicator for the beginning of solid solubility 
changes as found in age-hardening systems. The coercive force of{ 
a supersaturated solid solution is increased during precipitation and 
the maximum coercive force is. obtained when the particle size oj 
the precipitate is of microscopical order. This is in agreement with 
Yensen’s'* theory stating that any factor that tends to distort the 
regular spacing of the atoms in the crystal lattice will cause a de 
crease in permeability and an increase in hysteresis loss if we assume 
that precipitation is accompanied by distortion of the space lattice 
at certain stages of the aging process. H. Esser and W. Eilender! 
set forth the theory that any precipitation is accompanied by a cold 
deformation of the space lattice, the effect of cold deformation being 
a function of the aging temperature. The effectiveness of cold 
detormation in producing alterations of physical properties will 
decrease with higher aging temperatures because the plasticity of 
the matrix metal increases. 


The magnetic properties were investigated after two treatments: 


(a) Furnace cooling from 900 degrees Cent. (1650 degrees 
Fahr.)'* and aging at the various temperatures for 24 
hours. 

(b) Water quenching from 600 degrees Cent. (1110 degrees 
ahr.) and subsequent aging at various temperatures for 
24 hours. 


The measurements were made on ring samples of 1 inch outside 
diameter, 34 inch inside diameter, 1 inch length and on bars \% inch 
square, 10 inches long. The rings were machined from welded 
pads and consisted entirely of weld metal. The bars were forged 
and hot-rolled from welded pads. Forging of the pads was attended 
with some difficulties. The microstructure of the specimen showed 
the major part of the contained nitrogen was in the form of small 
needles, the pearlite-like areas being scarce. 

The heat treatments were conducted in nitrogen, hydrogen and 
vacuum. It was realized that a certain amount of nitrogen would 


"NZ. anorg. Chem. 179, 1929. p. 297-308. 








Metals and Alloys, May, 1930. 





Ar, h. 


F. 





Eisenhiittenw. (4), Heft 3. 1930, p. 113. 





“The approximate cooling rate was 100 degrees Cent. per hour, 
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be lost during the long time treatments, but the loss was not thought 
to be sufficient to influence the accuracy of the results. Even if 
welds with 0.15 per cent N, are reduced in nitrogen content to 0.06 
per cent N., the type of curves obtained with these two different N, 
percentages will be comparable. 

After completing each heat treatment the test specimens were 
cooled in various ways, as in the furnace, in air, or water-quenched. 


The effect of the heat treatments on are weld H92 containing 0.14 
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Fig. 14—-Change of Remanence During Aging at Various Temperatures on 
Quenched and Slowly Cooled Metallic Arc Welds. 

Fig. 15—Change of Permeability During Aging at Various Temperatures on 
Quenched and Slowly Cooled Metallic Arc Welds. 


per cent N, are seen from the curves in Figs. 13, 14 and 15. In the 
“as-quenched” specimens the coercive force increases slightly with 
aging at room temperature. A pronounced increase occurs at 100 
degrees Cent. aging temperature, which has completely disappeared 
after aging at 200 degrees Cent. Aging at higher temperatures 
decreases the coercive force still further, until a temperature of 
300-400 degrees Cent. is reached. From this on the values show 
a slight tendency to rise again. In the “slowly cooled” specimens 
the increase in coercive force after aging at 100 degrees Cent. is 
small but there is a large decrease after aging at 200 degrees Cent. 
The coercive force increases again by aging at temperatures above 
300-400 degrees Cent. 
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The permeability and remanence vary inversely with the « 
ercive force. In both cases there is a surprisingly rapid increa 
in the permeability and remanence of the “as-quenched” samples 
after aging at 200 degrees Cent., the maximum being reached 
{OO degrees Cent. aging temperature. In the samples “as slow 


cooled from 900 degrees Cent.” the values of remanence and _ pei 


O-RING SAMPLE 2 QUENCHED AFTER FACH 
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Fig. 16—Change of Coercive Force During Aging of Metallic Arc Welds Slowly 
Cooled from 900 Degrees Cent. (1650 Degrees Fahr.) in Hydrogen 


Fig. 17—-Change of Permeability During Aging of Metallic Arc Welds Slowly 


Cooled from 900 Degrees Cent. (1650 Degrees Fahr.) in Hydrogen. 


meability are not consistent, although a similarity of the curves 
“as-quenched” and ‘tas slowly cooled” is evident. These experi- 
ments were, therefore, repeated in a hydrogen atmosphere, using 
ring samples machined from pad H92. At the same time two bar 
samples were taken from are welded pads “A” and “C” were 
included in this test. The results are plotted in Figs. 16 and 1/7. 
The sample 92-3 was furnace-cooled after the various aging treat- 
ments, sample 92-2 was water-quenched and the bar samples “A” and 
“C”’ were air-cooled. The curves of the coercive force of all sam- 
ples show a second maximum at 400-500 degrees Cent., which is 
especially pronounced in the furnace-cooled ring sample and_ the 
air-cooled bar samples, while it is only very slight in the water- 
quenched ring sample. It was further found that the first maxi- 
mum actually occurs at 150 degrees Cent. instead of 100 degrees 
Cent. The permeability curves show minimum values at 150 and 
900 degrees Cent. due to the inverse relationship of coercive force 
and permeability. 
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The bar samples “A” and “C” were subjected twice to the same 
aging cycle in hydrogen atmosphere. After that the peak in co 
ercive force at 100 degrees Cent. completely disappeared. 


° DERCIVE FORCE 
PERMEABILITY 
REMANENCE 


< 300 
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Fig. 18—-Change of Magnetic Properties of a Metallic Arc Weld Quenched from 
600 Degrees Cent. (1116 Degrees Fahr.) and Aged at Room Temperature 
Fig. 19—-Change of Coercive Force After Various Treatments. 


The bars “A” and “C” were now given the standard embrit- 
tlement treatment which should decrease the elongation to zero. It 
was found, however, that no increase in hardness occurred. The 
bars showed an extremely high ductility. The bars could be bent 
180 degrees without showing cracks. The long continued hydrogen 
treatments apparently have removed so much nitrogen as to make 
the material insensible to heat embrittlement. 

The magnetic changes during aging at room temperature, after 
quenching from 600 degrees Cent. (1110 degrees Fahr.), of an aver- 
age arc weld No. 92 were studied in more detail and are recorded 
in Fig. 18. It is noteworthy that while the mechanical hardness 
reached its maximum after 2 or 3 days the coercive force or “mag- 
netic hardness” is still rising after 16 days. Remanence and _ per- 
meability change inversely with coercive force. 


For a comparison, the changes of coercive force after various 


aging treatments are given for oxyacetylene welds, atomic hydrogen 


welds, ingot iron, wrought iron and Izett steel. The tests were made 
on bar samples in hydrogen atmosphere. The results are plotted 
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in Fig. 19. As seen from Fig. 19 the changes are very slight a 
compared with those encountered in are welds. There is, howeve: 
one noticeable feature which was found first by Koster. Aft 
slowly cooling from 900 degrees Cent. (1650 degrees Fahr.) th 
samples H38, H56 and H57 show maximum coercive force afte: 
aging at 100 degrees Cent., while after quenching from 600 degree 
Cent. (1110 degrees Fahr.) the maximum occurs at 200 degree: 
Cent. 

Koster interpreted the maximum coercive force found at 100 
150 degrees Cent. as being caused by the precipitation of nitrogen 
while he attributes the maximum at 200-250 degrees Cent. to the 
precipitation of carbon. 

In metallic are welds containing approximately 0.15 per cent 
N,, the effect of such small amounts of carbon as 0.02 to 0.03 per cent 
is negligible as compared with that of nitrogen. 

In comparing the mechanical hardness and the magnetic hard- 
ness of arc welds we find that the maximum mechanical hardness 
is obtained by aging at room temperature while the maximum co 
ercive force occurs by aging at 100-150 degrees Cent., which shows 
that the influence of the arrangement and particle size is not the 
same for the two phenomena. The sharp increase in coercive force 
which results from aging at 100 degrees Cent. after quenching from 
600 degrees Cent. (1110 degrees Fahr.) and the sharp drop at 200 
degrees Cent. aging temperature show that there exist critical con- 
ditions for magnetic changes similar to our conception of a critical 
dispersion for maximum hardness. 

Slow cooling from 900 degrees Cent. (1650 degrees Fahr.) 
holds only a portion of the nitrogen in solution, the bulk of it being 
precipitated. There is, however, sufficient nitrogen left dissolved 
to cause a noticeable peak at 100-150 degrees Cent. aging tempera 
ture. This indicates that however slowly a weld is cooled a certain 
amount of age hardening takes place which embrittles the metal and 
makes it difficult to obtain satisfactory ductility values. 

The second maximum of coercive force at 400-500 degrees 
Cent. (750-930 degrees Fahr.) aging temperature which was found 
in some of the test samples after slowly cooling from 900 degrees 
Cent. (1650 degrees Fahr.) is of interest. 

d. Electrical Conductivity. Variations of the electrical con- 
ductivity were used as another indication of solubility changes in 
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he iron-nitrogen system. In Table IX the effect of heat treatments 
is used in tensile testing on the electrical resistivity of are and gas 
welds is illustrated. 


Table IX 

Resistivity Changes of Various Welds 
Resistivity 
Heat Treatment microhms/cm 

As-received 3.14 

Ouench 600 degrees Cent. 3 9? 

Aged 10 days at room temperature 3 

) 


13.68 
Aged 1 day at 100 degrees Cent 7 


As-received 

Quench 600 degrees Cent. 

Aged 10 days at room temperature 
Aged 1 day at 100 degrees Cent 


xyacetylene weld As-received 
Quench 600 degrees Cent. 
Aged 10 days 


39 Atomic hydrogen weld As-received 
Quench 600 degrees Cent 
Aged 10 days 


\s could be expected the changes are most pronounced in the two 
arc welds. The resistivity is increased greatly after quenching due 
to the increase of nitrogen held in solid solution while after aging at 
room temperature for 10 days the resistivity is decreased due to the 
precipitation of nitrogen in form of iron-nitrogen compounds.  Ke- 
markable is the decrease of resistivity of the arc welds after aging 
for one day at 100 degrees Cent., corresponding to the increase of 
coercive force at the same temperature. 

In order to get a comparison with the results on coercive force 
after slowly cooling from 900 degrees Cent. (1650 degrees F ahr.) 
the same series of heat treatments was given to a number of arc 
welds. The are welds included were: No. A, No. C, No. H46, 
No. H47 and No. H48. The cross section of the test specimens was 
1/16 inch square by 12 inches long. The treatments were carried out 
in hydrogen atmosphere. The samples were air-cooled after each 
treatment. The results are collected in Table X. 

The conductivity is increasing up to 100-200 degrees Cent. 
aging temperature. It drops then to a minimum which in some cases 
is reached at 300 degrees Cent., in others at 400 degrees Cent. At 


500 and 600 degrees Cent. aging temperature a very pronounced rise 


in conductivity takes place.** The maximum at 100-200 degrees 


“This rise of conductivity will be discussed later when more test data are available, 
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Table X 

Resistivity Changes of Various Welds After Slowly Cooling 
Mark Slowly co oled Aged 24 hours at 

from 900° ¢ 100°C 200°C 300°C 400°C 500°C 600°C 

(Resistivity in Microhms per cubic centimeter ) 

ve! Ss 13.64 ESars 13.70 53.55 13.61 13.95 13.92 
— el 14.59 14.65 14.61 14.57 14.52 14.90 14.98 
“Cc” .2 14.99 15.02 15.00 15.06 15.03 15.23 15.30 
H46 12.63 12.70 12.72 12.60 12.48 12.87 13.24 
H47-1 13.70 13.76 13.78 13.65 13.78 13.90 14. . 
H47-2 13.80 13.96 13.95 13.80 13.78 14.12 14. 
H48-1 15.00 15.17 8.25 15.01 14.91 15.38 15.69 
H48 14.82 14.97 15.00 14.90 14.92 13.12 i. 


Cent. is explained by the preciptation of the rest of the nitrogen 
kept in solid solution after slowly cooling while the minimum at 
300-400 degrees Cent. 1s an indication that the nitrogen compounds 
are again taken up in solid solution. 

e. Structural Changes as Revealed by the Microscope. The 
precipitation of iron-nitrogen compounds can be observed by means 
of the microscope. In the “as-received” state the arc welds show 
plates of nitrides arranged in Widmannstatten pattern a> seen from 
Fig. 20. The needles are colored brown by etching in 2 per cent 
nital and darkened after an etch with hot alkaline solution of sodium 
picrate. After quenching from 600 degrees Cent. (1110 degrees 
Kahr.) the needles have disappeared, as can be seen from Fig. 21.’ 
The particles precipitated during aging at room temperature are 50 
highly dispersed that they cannot be seen under the microscope. 
\fter aging for 10 days at 100 degrees Cent. the structure cor- 
responds to that shown in Fig. 22. The precipitate formed is of 
irregular shape with a tendency to form sharp cornered particles 
\fter etching in sodium picrate the particles seem to consist chiefly 
of elongated plates arranged in a random manner. When aged for 
10 days at 200 degrees Cent. the amount of precipitate increases 
somewhat and after 70 days at 200 degrees Cent. the groundmass 
is covered with the precipitate which again assumes the needle-like 
structure as is shown in Fig. 23. Aging at 300 degrees Cent. (570 
degrees Fahr.) causes a precipitation of needles similar to that at 
200 degrees Cent. as can be seen from Fig. 24. The number of 
needles appears to be smaller, but due to the nonh ymogeneity of the 
welds it is difficult to photograph an average spot, as in some areas 


the amount of needles is large and in others small. It is, however, 
ISAs etching reagent for the micrographs shown in this paper 2 per cent nital was used 
exclusively. 
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to be expected that the number of needles will decrease at high 
temperatures due to the fact that nitrogen goes into solution. 

Heating for two hours at 1000 degrees Cent. (1830 degree 
Fahr.) and slowly cooling entirely changes the appearance of th 
nitrogen precipitate. No needles are present, but a_ well-define 
eutectoid is formed which apparently is Braunite.’® It is shown in 
‘ig. 25. Besides the eutectoid there appears a homogeneous con 
stituent which usually surrounds small grains of the ferritic ground 
mass. This constituent is very likely the same chemically as the 
nitride precipitated in the form of needles. The constituent cannot 
be very hard, as could be seen from photomicrographs showing 
polishing scratches traversing it. It is not attacked by nital, but is 
darkened by sodium picrate. The constituent is made visible by a 


light etch with nital. It requires a much deeper etch to bring the 





grain boundaries out. By deep etching the ferrite around the con- 










stituent is badly corroded and sometimes gives the appearance of 
still another constituent. 

With regard to the nature of the needles the authors are quite 
sure that they are caused by nitrogen. The characteristics of the 
needles, such as appearance after etching, sensitivity to heat treat 
ments, darkening by etching with hot sodium picrate, are not char- 
acteristic of iron-oxygen compounds.'* There is, of course, the 
possibility that a needle-like structure may be caused by a number 
of other elements but in the case of are welds, nitrogen is undoubtedly 
the cause. 

Oxyacetylene welds did not respond to the heat treatment applied 


to arc welds. The general appearance “as-received,” ‘‘as-quenched”’ 






and “as aged at 100 degrees Cent.”’ remains the same and is shown 


in Figs. 26 and 27. The grains in the ‘“‘as-quenched” state are less 







susceptible to pitting than as received. 
There is some material within the grain boundaries which has 
the appearance of cementite after etching in 2 per cent nital. 









After cooling slowly from 1000 degrees Cent. a few nitride 
needles appear in oxyacetylene welds, indicating that more nitrogen 
is in the material than corresponding to the solubility limit at room 
temperature. 


Atomic hydrogen welds in the “as-received” state show in places 





“7. W. Owens, ‘Fundamentals of Welding,’’ Cleveland, 








liJournal, American Welding Society, Vol. 8, No. 9, 1929, p. 94, 
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. > Degrees Fahr.). iC au 
oom 4 Fig. 28—Atomic Hydrogen Weld No. 39 As-Received. < 1000. 
Fig. 29—Atomic Hydrogen Weld No. 39 As-Received. < 1000. ‘ 
, Fig. 30—Atomic Hydrogen Weld No. 39 As-Quenched from 600 Degrees Cent. 
laces (1110 Degrees Fahr.). x 500. 


a needle-like structure (Fig. 28) resembling that of arc welds. lhe 
appearance of the needles, however, is quite different trom those in 
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an arc weld. They seem to be broken up into small particles. Other 
places show grains subdivided into a large number of very fine par- 
ticles which could be mistaken for etch figures (Fig. 29'*). After 
quenching from 600 degrees Cent. a homogeneous grain structure 
appears as can be seen in Fig. 30. Aging at 100 degrees Cent. does 
not change the ‘“‘as-quenched” structure. 

An are weld, oxyacetylene weld and atomic hydrogen weld wer 
subjected to the MecQuaid-Ithn carburizing test for eight hours at 
900 degrees Cent. (1650 degrees Fahr.). All three welds showed an 
abnormal structure. While the edges of the oxyacetylene and atomic 
hydrogen weld showed very massive cementite the cementite of the 
arc weld was more finely distributed and had the appearance of coarse 
lamellar pearlite. In the atomic hydrogen and oxyacetylene weld the 
structure towards the core changes to pearlitic zones and areas while 
in the are weld only free cementite and free ferrite are present. 

The oxyacetylene weld contained very fine nitride needles; the 
atomic hydrogen weld had wider and more irregular needles and a 
very roughened groundmass. It is interesting to note that no typical 
needles were found in the are weld, the nitrogen in the latter case 
appearing in the form of plates and very fine Braunite, as was 
observed before in the sample slowly cooled from 1000 degrees Cent. 


CONCLUSIONS 


To recapitulate the findings in this investigation the following 
points are made as a summary: 

1. Are welds contain 0.10 to 0.15 per cent nitrogen and can be 
considered as iron-nitrogen alloys. They show very pronounced 
aging effects after quenching from 600 degrees Cent. (1110 degrees 
ahr.) and aging proceeds at room temperature. 

2. The increase in hardness during aging depends upon the 
nitrogen content. This must be below approximately 0.05 per cent 
if satisfactory ductility and freedom from aging effects are to be 
obtained. 

3. The tensile strength increases considerably during aging 
while the elongation, reduction of area and impact strength are 
decreased to practically zero. 

4. Gas welds and atomic hydrogen welds are superior to are 


welds made with bare wire, inasmuch as they show only a relatively 


i8The structure was brought out by a very light etch 
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light amount of aging embrittlement, which can be neglected for 
practical purposes. 

5. The maximum magnetic aging of are welds after a quench 
from 600 degrees Cent. (1110 degrees Fahr.) occurs at 100 degrees 
Cent. aging temperature. The coercive force is increased over 150 
per cent. Remanence and permeability vary inversely with the co 
ercive force. 

6. After slowly cooling from 900 degrees Cent. (16050 degrees 
ahr.) are welds show pronounced magnetic aging at 100 degrees 
Cent. A certain amount of nitrogen is held in solution even by a 
slow rate of cooling, which is precipitated if the temperature is long 
maintained at 100 degrees Cent. This indicates the impossibility of 
obtaining ductile metal if the nitrogen content is in the neighborhood 
of 0.10 to 0.15 per cent. 

7. The electrical resistivity decreases while the coercive force 
rises upon aging after quenching from 600 degrees Cent. (1110 
degrees Fahr.). 

8. The solution phenomena produce structural changes which 
can be detected microscopically. After quenching from 600 degrees 
Cent. (1110 degrees Fahr.) the precipitate formed at room tempera- 
ture cannot be seen with the microscope. It becomes visible, however, 
when aged at 100 degrees Cent. The mechanical hardness occurring 
at room temperature is, therefore, caused by a submicroscopical dis- 
persion, while the magnetic hardness is caused by a particle size of 
nucroscopical order. 

9. Both are welds and gas welds show extreme “abnormality” 


if subjected to the McQuaid-Ehn test. 
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of the Westinghouse Electric & Manufacturing Company as a con 
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DISCUSSION 


Written Discussion: By F. T. Llewellyn, engineer, U 
tion, New York City. 


S. Steel Ce Irpora 


+ 
t 


The paper by Messrs. Hensel and Larsen is a valuable study on the effec 
of heat treatment on fusion welds, as well as their subsequent aging character 
istics. Not being a metallurgist, | am not qualified to pronounce sentenc: 
on the comparative guilt of nitrides and oxides. 


Apparently they are both 
time-hardened sinners. 


However, everyday observation confirms the assurance 
that the important thing is to keep the fluid deposit away from AIR. 

As far as I know little has been written on the effect of heat treatment 
on welds. In the December, 1926, issue of “Revue Universelle des Mines,” 
Liege, Belgium, H. Dustin of the University of Brussels reports some tests on 
weld metal deposited by three brands of mild steel welding wire, identified 
as B, T and N. Brand B was plated with a 1% per cent nickel and covered 
with a braided asbestos fabric to confine thick slagging material. Brand T 
contained no nickel, but had a coating heavy enough to dispense with the cover- 
ing fabric. Brand N had only a thin coating. The composition of the coatings 
is not reported. Weld metal deposited from the three brands by the ordinary 
arc process reacted to heat treatment as follows: 

WETAL B. When heated to 900 degrees Cent. (1650 degrees Fahr.) or 
higher, the hatched structure that is typical of weld metal deposits was replaced 
by ferrite, of fine or very fine grain according to the temperature reached and 
the speed of cooling. In general, each more or less vaguely defined grain 
turned into several smaller new grains. Quenching in water disclosed a mix- 
ture of troostite and martensite varying in mroportions according to its temper- 
ature at time of quenching. 

WETAL T. When heated to “00 degrees Cent. (1650 degrees Fahr.) and 
cooled in air the typical structure remained unchanged. If heated to 1000 degrees 
Cent. (1830 degrees Fahr.) or higher, and cooled slowly in the furnace, the 
typical structure was replaced by fine-grained ferrite. If quenched in water 
from 900 degrees Cent. (1650 degrees Fahr.) ferrite in small tangled grains 
was secured, with a little badly formed pearlite interlaced in the joints. By 
drawing back after quenching the typical structure was restored. 

WETAL N. Even by maintenance for two hours at 1000 degrees Cent. 
(1830 degrees Fahr.) and cooling very slowly, the typical structure was not 
destroyed. The hatch marks merely became a little less numerous. If quenched 
and drawn back they were restored. 

Professor Dustin concluded that it would be useless to try to anneal metals 
T or N, and that a treatment sufficient to change the typical structure of 
metal B would increase resilience only about 12 to 15 per cent, and reduce hard- 
ness only about 10 to 12 per cent, which usually would not be sufficient to 
justify the expense of an annealing process, 
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With regard to age-hardening, my attention has been called to some ordi 


ary commercial arc welded joints, made with bare wire which, shortly after 
being deposited, successfully met a practical impact test in the shape of severe 
blows from a sledge hammer. Some months later, while the members were 
being installed, some of the welds fractured under much less severe impact. 
In this case the trouble was easily taken care of by re-arranging the location 
of the welds so as to better resist flexure. The occurrence raises a question 
as to the possible age-hardening of welds that have received no heat treatment. 

The officials of the laboratory with which Messrs. Hensel and Larsen are 
connected are to be complimented on the candid manner in which they have 
permitted the conclusions to be stated. 

Written Discussion: By J. C. Lincoln, Lincoln Electric Co., Cleveland. 

I have read Messrs. Hensel and Larsen’s paper with a great deal of in 
terest and congratulate them on the work that they have done. It has always 
seemed to me that the presence of gas in steel that has been welded is one of 
the causes of its somewhat peculiar action and then until gas analysis is carried 
to a greater extent than it ordinarily is at the present time, that explanation 
of some phenomena will be impossible. 

Some 6 or 8 years ago in working on this same problem of getting brittle- 
ness out of arc welds, the question of what made are welds brittle arose very 
prominently. At that time and at the present time it would seem to me that 
it was more reasonable to assume that the brittleness was caused by the action 
of oxide on the weld metal rather than nitrides. 

The fundamental fact is very apparent that in the case of metallic are 
welds, most of the carbon and most of the manganese is oxidized in going 
across the arc. In the ordinary metallic electrode the percentage of manganese 
is from 0.4 to 0.6 per cent and the carbon about 0.15 per cent, or the two to- 
gether approximately 0.66 per cent. It seems to me very evident that if most 
of the 0.66 per cent of carbon and manganese are oxidized out in crossing the 
arc, that a very large amount of iron is oxidized at the same time. This be- 
comes evident when we realize that there is approximately 150 times as much 
iron in the electrode as there is carbon and manganese together. The theory 
that I have worked on has been that a considerable amount of iron was oxidized 
in its passage across the arc and this iron oxide was dissolved in the remaining 
metal, producing the effects which are so fully described in the paper. 

However, from a practical standpoint, it makes no difference whether the 
brittleness is caused by the action of the oxygen or by the action of the nitrogen 
on the electrode material as it crosses the arc. Many thousands of experiments 
have indicated that the only way to get rid of the brittleness is to produce a 
ductile weld and to do this both oxygen and nitrogen have to be excluded from 
the are and an appreciable amount of hydrogen introduced. When this is done, 
the brittleness which is inherent in ordinary bare wire welds is overcome and 
the ductility approaches that of the parent metal. 

There is another effect which occurs with ordinary bare wire welds which 
is not mentioned in the paper, which may be of interest. Ten or 15 years ago we 
made a cage for holding laminations to go into an annealing furnace. This 
cage was welded up with bare wire and used. Within a comparatively small 
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number of heats, cracks developed in the welds and shortly these cracks « 
tended clear through the weld. We always speak of this action by saying that 


the weld “rotted.” For the purpose in question this was a serious difficul 



















with bare wire metallic arc welds. Later experiments with ductile welds 
showed that the weld metal which was ductile was free from the difficulty me: 
tioned above. One particular sample tested, was welded with metal whi 
was ductile, was heated to 1600 degrees Fahr. and cooled about 50 times. 















the 
the end of this time, the weld showed no more deterioration than the pare cel 
metal, 
It would be very instructive to find out what causes cracks in the bar 
wire metallic arc weld on repeated heating and cooling, but the important pra S 
tical question was to produce a metal which did not act that way. of 
Judging from a number of the tables and curves in Messrs. Hensel and by 
lLarsen’s paper, | am certain that if their tests had been made on welds which mi 
were made with heavily covered electrode which could produce ductile metal a 
in the weld that the results which they have outlined would have been very or 
different and would closely approach the results of the parent metal. ) 
Written Discussion: By Dr. W. Koster of Vereinigte Stahlwerk A. G. 
l‘orschungsinstitut, Dortmund, Germany. té 
| congratulate Messrs. Hensel and Larsen for their excellent work on the 
importance of nitrogen in influencing the properties of weld metal. Their re- 1M 
sults have a special interest for me, since they have made use of the facts about Vi 
the influence of nitrogen in steel, which I described in my paper, as applied to re 
so technically important a process as welding. They show impressively how n 
the results of investigations which were first carried out from a more theoretical V 
point of view can also furnish important data on quality in testing materials a 
|! am especially pleased to state that the results which Hensel and Larsen ob- 0 
tained on samples of weld metal agree in all testing methods with mine, which h 
were obtained on nitrided steel samples and nitrogen bearing ingot iron. This : S 
agreement even extends to details. Thus it follows that, in general, when a t 
substance is precipitated from a supersaturated solid solution, the remanence, 
and at the same time the coercive force, rise. An exception is the precipitation f 
of nitrogen, where the remanence increases at first 200 degrees, while the max- f 


imum value of the coercive force remains around 100 degrees. The authors 
further found, in agreement with me, that the hardness of steel containing large 
amounts of nitrogen was raised after quenching from 500 degrees or above and 
that the elongation was greatly reduced. These results have not been studied 
to a very great extent by other investigators in this country. 

[ attach no great importance to the secondary maximum in aging. My 
opinion is that it is caused by the partial precipitation of nitrogen during slow 
cooling. After this treatment, the value usually varies greatly according to the 
stimulation of the still undissolved nitride particles or other inclusions given 
by the nitrogen content. On the other hand, the curve of the change of coercive 
force of the quenched specimen runs smoothly. It should also not be left out 
of account that the ratio in Fig. 16 is considerably larger than in Fig. 13, and 
that the highest and the lowest values are separated by only | or 2 gauss. These 
differences are, however, explained by the distribution of nitrogen, to which 
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icks ¢€ the coercive force is extraordinarily sensitive. With low nitrogen content, up 
ing that to about 0.03 per cent, the increase of coercive force can be used for the quanti- 
lifficul tative determination of nitrogen, for the coercive force rises proportionally to 
€ welds the amount of precipitated nitrogen. 0.01 per cent of nitrogen precipitated at 
ty mer about 100 degrees raises the coercive force about 3.2 gauss. With higher 
L whi nitrogen content, such as is present in welded joints, however, this is no longer 
1es. il the case. The proportionality ceases to exist. The coercive force at 0.15 per 
parent cent nitrogen should increase about 45 gauss, while it actually increases only 
tbout 17 gauss. 
he bar The importance of the present investigation for judging the welding process 
nt prac is beyond doubt, and will become more and more apparent with further study 
of the discussed questions. Without doubt, failure of welded joints is caused 
isel and by nitrogen brittleness. One can conclude, when this occurs, that a weld was 
Ss which made with a thin electrode on a thick plate so that in the resultant rapid cooling 
e metal a large amount of nitrogen remained dissolved. However, this condition 1s 
en ver) only occasionally met with, so that, on an average, good elongation and tensile 
. properties are obtained even in the electric arc welded joint. 
c A. G. Written Discussion: By A. Nadai, mechanics’ division, research labora- 
tories, Westinghouse Electric and Manufacturing Company, East Pittsburgh. 
on the The age hardening phenomena in metallic alloys have recently attracted, 
heir re- not only the metallurgists, but also the attention of the mechanical engineers for 
ts about various reasons. It is extraordinarily interesting to see the progress made in 
plied to recent years in this special field of metallurgical research. The great effects of 
‘ly how : minute quantities of nitrogen which may be dissolved in steel or, according to 
oretical various conditions, be again precipitated out of it, have attracted the writer's 
aterials E attention, particularly in connection with the formation of the so-called strain 
‘sen ob- or flow figures (Liiders lines) so characteristic for mild steel. Everyone who 


,» Which has had an occasion in former years to investigate these figures appearing on 


. This ; steel specimens after the yield point has been exceeded and who has tried to use 
when a the etching method by Dr. A. Fry, Essen, as suggested some ten years ago in 
lanence, “Kruppsche Monatshefte” for demonstrating or developing these interesting 
pitation figures on strained specimens of steel was frequently greatly disappointed in 
ie max- finding how differently steel specimens tested under seemingly quite similiar 
authors conditions (having the same chemical analysis, tested under the same states of 
ig large strain and using the same etching solution and heat treatment) were respond- 
ve and ing to the etching treatment. The writer, being much interested in the develop- 
studied ment of these strain figures, remembers that on account of the difficulties en- 
countered in obtaining satisfactory etchings of them, called on a well-known 
gz. My metallurgist abroad. The writer had an instinctive feeling rather than one 
ig slow based on rational reasons that some minute quantities of a material dissolved 
r to the or contained in the steel which has escaped attention, until now, might have 
Ss given had something to do with the darkening of the strain figures. It has also been 
oercive observed, for example, that the strain figures could be more distinctly seen in 
left out the inner portion of the bar’s cross-section. This was brought together with 
13, and the segregations in the ingot from which the bars originated. The writer did 
These not succeed, however, to interest the metallurigst in question and in obtaining, 

. which 
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as he suggested, a chemical analysis of the black precipitation causing tl 
strain figures. 

It is encouraging to see today how conditions have quite changed, sin 
by the work of Koster and Hensel the nitrogen content in steel has been brought 
together with the causes of the so-called magnetic aging and also with the pos 
sibility of etching the strain figures. On this question further work is in prog 
ress and it can be hoped that it may lead, with the combined efforts of the 
metallurgists and the mechanical engineers, to an elimination of those diff 
culties mentioned above. 

Another point of interest which may be mentioned here at least with som 
few words is a possible connection of the age hardening phenomenon as carefully 
studied by Messrs. Hensel and Larsen in this present paper on the weld metal 
specimens with such a phenomenon as that of the creep of metals. Messrs 
Hensel and Larsen have conclusively demonstrated the slow hardening of steel 
with a subsequent softening under circumstances while kept under a moderately 
clevated temperature and observed during comparatively long periods of time. 
It will be pointed out elsewhere by P. G. McVetty that while observing alloy 
steel bars exposed to long time tests under tensile loads and elevated tempera 
tures that the observed creep rates may be affected by strain hardening as well 
as by a subsequent softening, which latter may show up in its effects only after 
long periods of time, depending on conditions. The interesting observations 
of Hensel and Larsen, showing still slower changes of the Brinell hardness of 
steel weld metal during several hundred hours after keeping the specimens ex- 
posed to slightly elevated temperatures, may be of importance in conn ction 
with creep of steels. Certain of his results may prove valuable and usefui in 
stimulating further investigations about factors having an influence on the creep 
phenomenon of metals. 

Written Discussion: By Gilbert E. Doan, associate professor of physical 
metallurgy, Lehigh University, Bethlehem, Pa. 

It has always been surprising that arc welds, being nearly carbon-free and 
low in other alloy elements, were so hard and strong, whereas, nearly pure 
iron should be soft. Lately we began to suspect that the rapid cooling of the 
weld, although not producing a hardening through the carbon, might never 
theless set the stage for a subsequent aging participation. These views were 
set forth by the author at the Annual Lehigh Welding Symposium this year. 
The present authors have here made an important contribution to the metallurgy 
of arc welding. 

From the account published in Metal Progress it does not, however, seem 
proven that it is necessarily nitrogen which causes the aging. The loss of 
nitrogen when the specimen is heated in hydrogen for four days at 1000 degrees 
Cent. (1830 degrees Fahr.) is found to be accompanied by a loss of age hard- 
ening properties. May there not be a loss of carbon or other elements as well 
as nitrogen and may not one of the other elements be the one really responsible 
for the aging? A. A. Bates has found this to be the case in extra soft Bessemer 
steels of a similar carbon content. 

In 1929, P. P. Alexander of the Thomson Research Laboratories, General 
Electric Company, conducted a careful series of welds in pure gases and pub- 
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shed them in the American Welding Society Journal tor September, 1929. 
\r. Alexander found that these same needles, shown in the present paper, are 
resent in welds made in gases not containing nitrogen. For example, welds 
nade in an atmosphere of argon, of carbon dioxide, or of carbon monoxide, 
r even in mixtures of argon and oxygen, none of which gases contained nitro 
ven, all showed considerable amounts of such needles. On the other hand, he 
found that welds made in pure argon or nitrogen were perfectly free trom 
needles. Naturally this discovery led him to the conclusion that it must be 
oxygen, and not nitrogen, which produces the needles, and that they are in all 
probability an iron-iron oxide eutectic. 

If any of the samples were annealed in air for a long time, they invariably 
showed the characteristic needles also, no matter in what atmosphere the weld 
ing had been done. Because of this careful study it might be well to raise the 
question whether the needles shown by the present authors necessarily are 
nitride needles and also whether nitrogen is responsible for the age hardening 
of these welds. 

Aside from this question, the authors certainly have shown that welds do 
age harden, and what is likewise important, that annealing at 200 or 300 de 
grees Cent. will soften such welds and increase their ductility. At some part 
of most welds the cooling rate is probably rapid enough to cause some subse 
quent age hardening. Although this is not brought out in the author’s Hard- 
ness-Time curves of quenched welds, it seems almost a necessary sequence of 
the steep temperature gradient which exists near the arc. Annealing would 
be exnected to remove the brittleness in these rapidly cooled zones, and thus 
to improve the quality of the welded joint. 

Written Discussion: By P. P. Alexander, Thomson research laboratory, 
General Electric Company, Lynn, Mass. 

The authors are to be congratulated upon the contribution they have made 
to the rational study of metallurgy of fusion weld metal. The amount of work 
which has been necessary in order to complete such a paper, is, without doubt, 
enormous. 

Although I may differ with the authors on certain points, yet I am of the 
opinion that this valuable paper sheds a new light on one of the most impor 
tant questions of the metallurgy of fusion welds. 

Due to extremely high temperatures at which the welding operations are 
carried out, the influence of the gases surrounding the welding arc is so great, 
that no effort should be spared in the investigation of their effect. A great 
amount of research data published on the subject of influence of nitrogen or 
oxygen on iron, allows us to form a precise idea of what can be expected from 
a given alloy containing a certain percentage of either of those elements. 

The experiments with the nitrided electrolytic iron establish that nitrogen 
increases tensile strength, reduces somewhat the elongation and produces pre- 
cipitation hardness. It has been established also that iron-oxygen alloys have a 
hardness somewhat higher than pure iron, that they possess lower elongation 
and are very brittle under impact tests. 

Metallographic investigations also establish what percentage of nitrogen is 


detectable by the microscope after suitable heat treatment. We know the various 
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metallographic formations in which iron nitride may be present. As has beet 
shown in a paper recently published by Dr. Frank W. Scott, we can even pre 
dict the physical properties of steel containing a given percentage of nitrogen 
and by using a mathematical formula, Dr. Scott is able to calculate either 
tensile strength or elongation of the nitrided steel. Yet in spite of the abundances 
of data already obtained, it cannot be applied to fusion welds without furthe: 
experimental confirmation, since the conditions here are quite different from 
those under which that data was obtained. 

Fusion welds are made at temperatures very much higher than those 
obtainable in the metallurgical furnaces, and both oxygen and nitrogen are 
present in an atmosphere surrounding the arc. The result is that the weld 
metal is contaminated to a high degree with nitrides as well as oxides. Further- 
more, it usually contains a certain amount of carbon, the influence of which is 
by no means negligible. Other elements, such as manganese, are usually pres- 
ent in the alloy. Therefore, in dealing with the fusion welds, we cannot con- 
sider the weld metal as a pure iron-nitrogen or iron-oxygen alloy. It is a 
complex alloy produced under very special conditions of temperature, rapid 
quenching and often containing a considerable amount of nonmetallic inclusions 
and blow holes. It is clear, therefore, that without further experimentation, 
it is difficult to predict the behavior of the fusion weld from the data obtained 
with the pure alloys prepared under the best laboratory conditions. Therefore, 
the work of the authors of this paper is of special value, since, in their investi- 
gation, they dealt not with electrolytic iron nitrided by ammonia, but with the 
fusion welds produced under conditions similar to that met in practice where 
all additional factors influence the results. The data obtained by the authors 
supplies a method of ascertaining the quality of the fusion welds. They should 
he congratulated for their attempt to give definite figures for nitrogen content 
in the weld metal which can be used as an indicator of the quality of the weld. 
By means of chemical analysis we shall now be able to predict the behavior 
of a produced weld. It may be stated, therefore, that the results of the work 
of the authors will be of great value to the fusion welding industry. 

Referring now, not to the concrete data obtained by the authors, but to the 
interpretation of that data, I may state that to my mind a somewhat modified 
explanation could be given to the causes producing such results. The analysis 
of the arc welds experimented with by the authors shows that besides nitrogen, 
it contains a large amount of oxygen and an appreciable amount of carbon. 
Therefore, in discussing the properties of such welds, we may attribute the 
modification in the physical properties not only to the influence of nitrogen but 
also to oxygen and carbon. 

lhe authors, for instance, believe that the precipitation hardness of the arc 
welds is due to nitrogen. The data presented by the authors is quite convinc- 
ing and shows that in the special conditions in which the experiments were 
conducted, the influence of nitrogen was preponderant. However, it should be 
pointed out that in general practice, the weld metal after solidification is cooled 
very rapidly, which is equivalent to quenching, not from 600 degrees Cent. 
(1110 degrees Fahr.), but from considerably higher temperatures. In such an 
event, the influence of small amounts of carbon always present in the welds 
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will exert also a very marked effect. In fact, carbon alone could be entirely 
responsible under such conditions in producing the precipitation hardness. This, 
of course, can be predicted by mere examination of the equilibrium diagrams 
of iron-nitrogen and iron-carbon alloys. The lower parts of the left side of 
those diagrams are very similar, which show that solubility of either nitrogen 
or carbon in alpha iron at room temperature is much lower than at 600 or 700 
degrees Cent. (1110 or 1290 degrees Fahr.). 

The available experimental data confirms the expectation of the similar 
behavior of carbon and nitrogen in producing the precipitation hardness. It 
may be noted also that in the September issue of A/etal Progress, Dr. Kk. W. 
Khn gives further experimental data which reconfirms previous tests. In dis 
cussing the precipitation hardness observed in low carbon steels, Dr. Ehn gives 
an example of a sample containing 0.028 per cent of carbon and a normal amount 
of nitrogen which has been quenched from a temperature of 660 degrees Cent. 
(1220 degrees Fahr.). After nine days the hardness increased from 102 to 
191 Brinell. With the exception of nitrogen this sample has an identical 
chemical analysis with the sample experimented with by the authors and indi 
cated as arc weld “C” 

This indicates that in practical applications, both nitrogen and carbon will 
he responsible for age hardening of the welds. Considering now the impact 
resistance of the welds, we should take into consideration the influence of not 
only nitrogen but also oxygen, since the weld metal in open are welds is highly 
oxidized. 

In the case of the atomic hydrogen and oxyacetylene welds aged for eight 
days, the results of impact tests were given as 79 foot-pounds for atomic hydro- 
gen welds and only 8.3 foot-pounds for oxyacetylene welds. And yet, the 
chemical analysis shows that the atomic hydrogen welds contain more nitrogen 
than those produced with oxyacetylene by the oxyacetylene process. 

Considering now the extremely small elongation of the weld metal pro 
duced by electric arc, we may again question whether it is due to nitrogen 
alone. The data published by Strauss as early as 1914 on the tensile strength 
and elongation of nitrided low carbon steel containing 0.07 per cent carbon, 
indicated that with the increase of nitrogen, the tensile strength increased and 
the elongation decreased slightly, yet even with the nitrogen content of 0.16 
per cent, which is that found in most of the arc welds, the elongation was still 
22.5 per cent. In the recently published paper by Dr. E. W. Ehn quoted above, 
he gives an example of a specimen containing 0.50 per cent nitrogen quenched 
from 550 degrees Cent. and tempered at 250 degrees Cent. which gave an 
elongation of 30 and reduction of area, 80 per cent. 

To my mind, these facts indicate that in welds produced under usual con- 


ditions in practical work, the reduced elongation, low impact resistance, and 


precipitation hardness should be attributed to the influence not only of nitro- 
gen but also of oxygen and carbon. The same conclusions apply to the change 
in the electrical and magnetic properties of the fusion welds since it has been 
established quite definitely that oxygen has a very great effect on those prop- 
erties of steel. 

With respect to structural changes and metallographic aspects of the welds 
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quoted by the authors, I noticed that all the welds after carburization by tl 
McQuaid-Ehn method give highly abnormal steel which is an unmistakabl 
indication of their contamination with oxygen. With respect to the needk 
like formations found by the authors in arc as well as atomic hydrogen an 







gas welds and usually indentified by the great majority of investigators as iro! 
nitrides, their presence or absence does not give definite information with re 
spect to the quality of the fusion welds. It is known that they can be present 







in electrolytic nitrided iron containing as low as 0.05 per cent nitrogen. Or 
the other hand, in the presence of carbon these formations will not be apparent 
even if the quantity of nitrogen in steel be as high as 0.15 per cent. 

In view of the fact that the embrittling effect of nitrogen increases with 
carbon content, this coincidence is most unfortunate. As F. W. Scott has indi 












cated, zero elongation in low carbon steel of 0.06 per cent of carbon will be 
caused by 0.165 per cent nitrogen, yet in eutectoid steel 0.01 per cent of nitro- 
gen is sufficient to reduce the elongation to zero. 

These two considerations, that nitrogen is not revealed by metallographic 
methods in the carbon steels and that its bad effect is especially pronounced 
in those particular steels, indicate that metallographic method of ascertaining 
the quality of the weld can be thought of as not nearly as valuable as the chem- 
ical analysis, used by the authors in their investigation. 


I may mention also that in my investigations of the welds produced in 







pure carbon monoxide, I found the presence of the needle-like formations sim- 
ilar to those found in usual arc welds. This leads me to believe that these 


formations may be caused under different conditions by different elements. That 












is, by nitrogen in nitrided steel and by oxygen or the combination of oxygen 
with other elements in welds produced in pure carbon monoxide. 

In conclusion, I wish to state that in spite of the difference of opinion 
which I hold in interpreting some of the results obtained by the authors, I am 
of the opinion that the concrete data obtained by the authors stands without 
challenge and will constitute a most valuable contribution to the knowledge of 
the metallurgy of the fusion welds. 


Authors’ Closure 






The authors wish to thank the various individuals taking part in the dis- 
cussion of their paper. They are particularly pleased with the more or less 
general agreement with the facts reported in their paper. Data mentioned by 










Messrs. Lincoln, Alexander and Llewellyn show the practical importance of 
room temperature aging and of heat embrittlement of bare wire welds. Doubts 
seem to exist only as far as interpretation goes. Likely a number of factors 
may contribute to the phenomena observed in those bare wire welds. The 
results, however, are in such perfect agreement with data observed by Koster 
on the precipitation of nitrogen in steel as mentioned in our paper and in Dr. 
Koster’s discussion that the authors are convinced that nitrogen is the pre- 


dominant factor. Research, however, is under way to investigate to what degree 






carbon and oxygen are responsible for the results of our paper. Similar re- 
search is being undertaken by Dr. G. E. Doan. 
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INFLUENCE OF GRAIN SIZE ON THE PROPERTIES AND 
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stakabl CORROSION RESISTANCE OF THE 18-8 IRON-CHROM- 
‘needl IUM-NICKEL ALLOY FOR ELEVATED TEMPERATURE 
ia oe SERVICE 
poe By H. D. NEWELL 
m. . Oy 
pparent Abstract 
es with The use of the 18-8 alloy steel, for elevated tempera- 
as indi ture service involving stress and corrosion, makes it of 
will be extreme importance to have the alloy part in its best con- 
ae dition for maintenance of ductility and corrosion resist- 






ance. 
In this paper, the author shows, by means of short 
time high temperature tests and by certain corrosion tests 
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taining after heating within the carbide precipitation range, that 

chem- the grain size of the alloy has an important influence on 
ductility at elevated temperature and on maintenance of 
ced in corrosion resistant properties. 

Ss sim- The preliminary part of the paper shows the influence 
these of initial heat treatment on the grain size of the alloy and 
Uhat the main portion deals with the physical properties of two 

on carbon grades of the alloy at temperatures within the 





range 800 to 1700 degrees Fahr. (425 to 925 degrees 
Cent.) inclusive. Corrosion tests, made after reheating 





pinion 



















t am at a selected temperature of 1200 degrees Fahr. (650 
— degrees Cent.) show an wnportant relationship between 
ige grain size and ability to resist the intergranular type of 
corrosion attack. The “grain boundary extent” available 
; to the precipitated carbides, as fixed by grain size, together 
with carbon content, control the corrosion behavior of the 
- on alloy after heating. 
apee Conclusions are drawn that the optimum heat treat- 
ae a ment for ductility and corrosion resistance for low tem- 
ee call perature service is not the optimum for these properties 
a at temperatures within the carbide precipitation range. 
ciao Restriction of carbon content and the maintenance of a 
The small grain size by limiting the temperature employed im 
tan heat treatment, produce the most satisfactory condition for 
Dr. ductility at elevated temperature and maintenance of 
pre- corrosion resistant properties. 
_— A paper presented before the Thirteenth Annual Convention of the society 
r re- held in Boston, September 21 to 25, 1931. The author, H. D. Newell, is a 





member of the society. He is chief metallurgist with the Babcock and Wilcox 
Tube Co., Beaver Falls, Pa. Manuscript received May 20, 1931. 
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INTRODUCTION 


[THIN the group of nonrusting chromium-nickel steels 
originating with Professor Doctor Benno Strauss,} 
alloy steel containing approximately 18 per cent chromium and & 


the 





per cent nickel has come into extended use in this country during the 





past three or four years. Being available in all forms and with ad- 





mirable properties and corrosion resistance, it is now widely used in 





the chemical industry, in the food industry, in the manufacture of 





paper, for structural and decorative purposes, and as an engineering 








material for elevated temperature service in both the refining industry 
and in steam power plants. 





In the development of the austenitic chromium-nickel steels, Dr. 
Strauss discovered that ductility, nonmagnetic qualities and corrosion 








resistance were developed to the greatest extent by application of heat 
treatment after working, forming or fabricating. This heat treat- 











ment, which Strauss patented,? consisted of heating to a high tem- 





perature and subsequently quenching in water or otherwise quickly 
cooling to preserve the homogeneous austenitic structure and to retain 
the carbon in solution. 











At that time, the melting, production and application of the 
chromium-nickel steels were not so far advanced as they are at 





present, and the alloys contained a substantially greater carbon con- 





tent than is now generally used. The temperatures specified for heat 
treatment were necessarily high, due to the high recrystallization tem- 
peratures of the alloys and because the solubility of the carbon (car- 
bides) increases with rise in temperature. 














In many present applications of these chromium-nickel steels, 
maximum benefit to certain properties is secured by cooling from 








temperatures sufficiently high to cause complete solution of the car- 





bides, but in the case of very low carbon alloys, not too high to incur 
heating within the “‘austenite-delta” field. It is generally viewed that 
maximum ductility and corrosion resistance is produced in the 18-8 
type alloy steel by quickly cooling from temperatures within the range 
2000 to 2200 degrees Fahr.* (1095 to 1205 degrees Cent.). 




















'B. Strauss, “‘Non-Rusting Chromium-Nickel Steels.”” Proceedings, American Society 
for Testing Materials. Vol. 24—Part II, 1924, p. 208. 
















“Benno Strauss, U. S. Patent No. 1,404,908 (January 31, 1922). 








‘See National Metals Handbook, 1930 Edition, American Society for Steel Treating, 
“Stainless Steels” by Owen K. Parmiter, p. 254. 
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18-8 ALLOYS AT HiGH TEMPERATURES 


Low AND HiGcH TEMPERATURE SERVICE CONDITIONS 


As is well known, the austenitic structure of 18-8 produced by 
heat treatment is not stable under all conditions. Cold work may 
develop ferrite, and exposure to certain elevated temperatures may 
also induce ferrite separation or permit carbide precipitation. The 
extent of these changes in structure is dependent on the particular 
composition of the alloy and the thermal or mechanical treatment 
received. 

For low temperature service involving various types of cor 
rosion, in which the author has in mind particularly corrosion en- 
countered in aqueous solutions of acids and salts at relatively low 
temperatures, or ability to be cold formed wherein ductility is of 1m- 
portance, heat treated 18-8 alloy is employed to the greatest ad- 
vantage. This class of service demands no particular consideration 
of carbon content (providing it is in solution) or of grain size re- 
sulting from high temperature heat treatment. The 18 per cent 
chromium, 8 per cent nickel alloy containing under 0.16 per cent car- 
bon has commonly been employed in the heat treated state below the 
temperatures at which carbide precipitation occurs and has not been 
used to any extent for high temperature service because of changes 
in properties such as loss in corrosion resistance, impact, ductility and 
increase in hardness and yield point due to precipitation of carbide 
particles at elevated temperatures. 

For elevated temperature service, 1.e., coming near or within the 
temperature range in which carbide precipitation will occur on heat- 
ing, a low carbon content 18-8 alloy has been used to the greatest 
extent. Such material usually contains a maximum of 0.07 per cent 
carbon so that detrimental changes in physical properties and loss in 
corrosion resistance due to carbide precipitation are restricted to a 
minimum. 

A considerable amount of 18-8 alloy has been used in the form 
of seamless tubes involving the handling of corrosive gases and liquids 
at elevated temperatures under both high and low pressures. The 
condition of the alloy with respect to maintenance of corrosion resist- 
ance and physical properties is of importance in ensuring satisfactory 
service. In elevated temperature service, especially in the oil re- 
fining industry,‘ the failure of an 18-8 alloy tube, due to overheating, 


‘H. D. Newell, “The 18-8 Iron-Chromium-Nickel Alloy with Particular Reference to its 
Characteristics for Cracking Coil Service,” American Petroleum Institute, Paper for the 
Spring Meeting, St. Louis, Mo., April 16, 1931. 
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occurs without a warning bulge and fracture results without a; 
preciable ductility. The alleviation of this condition, by increasing 


































the ductility of the alloy through the temperature range in which 
failure is likely to occur, is of extreme importance to users of the 
material in such industries where failure of a part represents a hazard 


PURPOSE OF INVESTIGATION 





Having this latter class of service in mind, the object of this 
investigation was to determine the effect of grain size on the ductility 
of the 18-8 alloy through a certain range of temperature and to find 
out the relationship of grain size to corrosion resistance after heating 
to a temperature sufficient for the occurrence of carbide precipitation. 

The investigation is divided into two parts, the first part includes 
experiments showing the influence of temperature and time on the 
grain size resulting from initial heat treatment of the alloy. The 
second part deals with physical tests at elevated temperature, cor- 
rosion tests after prolonged heating and the relationship of grain size 
to carbide precipitation and its subsequent effect on the behavior of 
the alloy toward intergranular corrosion. 


Part I 





INFLUENCE OF HEAT TREATMENT ON GRAIN SIZE 





The removal of strain resulting from cold work, or hot work 
below the recrystallization temperature, is accomplished by heating 
the 18-8 alloy to a high temperature. The grain size resulting from 
such heat treatment is influenced by the temperature employed and 
by time at temperature. In common with many other metals and 
alloys,® the higher the temperature to which 18-8 alloy is heated above 
its recrystallization temperature, the greater will be the resulting grain 
size. Grain growth is also affected by time at temperature and the 
longer the alloy is exposed, the greater will be the grain size. With 
sufficient time, equilibrium grain size is probably reached for each 
temperature so that further heating at such temperature produces no 
further growth. 


In connection with the influence of time in heat treating, an ex- 








5Jeffries and Archer, “‘The Science of Metals,” lst Edition, 1924, p. 85. McGraw Hill 
Book Company, Inc. 
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periment was made using a 0.400-inch square cold drawn, unannealed 
rod of the following composition : 


Carbon .....-.+s.eee- ee POT cemt BeCOM .. 2. cssacscies 0.46 per cent 
Manganese .......... 0.38 percent Chromium ........... 18.25 per cent 
ee eee eT ee ee, 8.10 per cent 
<<. yg eee 0.019 per cent 


Sections of this rod of equivalent size were heated in a carborundum 
rod resistance furnace for time periods of ten minutes and three 
hours at temperatures of 1850 degrees Fahr. (1010 degrees Cent.), 
2000 degrees Fahr. (1095 degrees Cent.) and 2150 degrees Fahr. 
(1180 degrees Cent.) respectively. After water quenching, a micro- 
scopic examination of grain size was made. Fig. 1 shows the average 
erain sizes found for these treatments together with the structure of 
the original rod. 

The reagent used in the author’s laboratory for etching heat 
treated 18-8 alloys consists of 25 parts of concentrated hydrochloric 
acid and 5 parts of a 10-per cent solution of chromic acid. This 
etch originally consisted of aqua-regia containing chromic acid and 
for that reason was termed “chrome-regia.”’ It has been in success- 
ful use for several years, and, although now used without the nitric 
acid, it is still termed chrome-regia. The function of the chromic 
acid is to slow up the action of the hydrochloric acid to prevent pitting 
and staining. For cold-worked materials, the amount of chromic 
acid should be increased to 50 parts of 10-per cent chromic acid 
which gives a very gentle etching medium. 


‘ 


The second experiment consisted of heating specimens of %g-inch 
diameter, hot-rolled rod at various temperatures from 1800 to 2400 
degrees Fahr. (980 to 1315 degrees Cent.) inclusive. In this case, 
the time element was held constant and the heat treating tempera- 
ture increased 100 degrees Fahr. (38 degrees Cent.) for each set of 
specimens. After 45 minutes at temperature, they were quenched 
in water at 70 degrees Fahr., and examined for grain size. The 
average size found is shown in Fig. 2 
Composition of the material used was: 


Per Cent 


er os aterm ead 0.056 
ah sas men tide <a 0.35 
i soi bg Dar cin ast ar 0.34 
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Fig. 1—Continued from Opposite Page. 
n the : E—3 Hours at 2000 degrees Fahr., quenched, Brinell 139. 
gia.” ” F—10 Minutes at 2150 degrees Fahr., quenched, Brinell 143. 
G—3 Hours at 2150 degrees Fahr., quenched, Brinell 134. 


Physical properties representative of various grain sizes obtained 
from these treatments, are given in Table I. The foregoing experi- 
ments were purely of qualitative nature to indicate, in a general way, 
the influence of time and temperature of heat treatment on grain size 


June 


Fig. 2—Photomicrographs of Grain Size of 0.056 Per Cent Carbon, Hot-Rolled ‘‘18-8” 
alloy, Heat treated at Various Temperatures. Etched with “Chrome-regia.”” X 100 
A—45 Minutes at 1800 degrees Fahr., quenched. 
B—45 Minutes at 1900 degrees Fahr., quenched. 
C—45 Minutes at 2000 degrees Fahr., quenched. 
D—45 Minutes at 2100 degrees Fahr., quenched. 


The influence of the degree of strain present prior 
As is 


of the 18-8 alloy. 
to heating was not considered in connection with these tests. 












18-8 ALLOYS AT HIGH TEMPERATURES 





Fig. 2—Continued frem Opposite Page. 
i 





é E—45 Minutes at 2200 degrees Fahr., quenched. 
, F—45 Minutes at 2300 degrees Fahr., quenched 
18-8” E G—45 Minutes at 2400 degrees Fahr., quenched. 
Note: The structures shown are typical of low carbon “18-8” alloy. The banding 
: present is likely due to primary or dendritic segregation leaving certain areas either 
carbon or nickel-poor. Rolled low carbon products exhibit such banded structures, which 
may be partially or wholly removed by diffusion on combined mechanical work and heat 
treatment. Cold work during preparation of the samples for microscopic examination 
may cause certain markings within the grains. The higher carbon or nickel content 
alloys are not similarly affected because of their greater stability, see Fig. 14. 
rior 


well known, this factor affects recrystallization and grain growth. 
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Table | 
Physical Properties of 0.056 Per Cent Carbon 18-8 Alloy as Affected by 
Heat Treating Temperature 




















Condition Ult. Strencth Yield Pt Elong. Red. of 
or Treatment Lbs./Sq. In. Lbs. /Sq. In. % in 2” Area ¢ 






srinell Charpy* 
( Hardness Ft. Lbs 

















Hot-Rolled 106,700 46.575 7a.o 71.4 170 83.5 
1800 F., quench 102,075 86.575 54.25 73.5 156 85.0 
1900° F., quench 102,275 37,025 60.25 73.15 149 79 
000 F., quench 101,225 33,975 55.0 71.4 143 91.0 
100 F., quench 100.887 33.600 35.25 71.4 137 81.0 
200° F., quench 99,412 33.500 57.0 70.7 137 96.0 
300 a quench 94,625 31.475 58.7 71.4 137 101.5 
400 F.. quench 95.825 30,000 58,2 71.3 131 101.5 
Note: Average value of two tests, 0.505-inch diameter. 2-inch gage length specimens, heated 


hour of an hour at the temperatures indicated, quenched in water and tested at 
room temperature A.S.S.T. Charpy Specimens. drilled notch 











The term “heat treatment” used throughout this paper is nearly 
synonymous with the ordinary term anneal ; however, in the austenitic 
steel alloys, this anneal may have the triple objects of : strain removal, 
preservation of the austenitic structure and carbide solution, so that 
it appears preferable to describe it as “heat treatment.” Further- 
more, the annealing of ordinary steels for grain refinement and 
ductility is accomplished by slowly cooling, while the austenitic 
chromium-nickel steel alloys are rapidly cooled and ductility increases 
with increase in grain size. 


Part Il 













IkFFECT OF GRAIN SIZE ON PHYSICAL PROPERTIES AT ELEVATED 





‘TEMPERATURE AND ON CORROSION RESISTANCE AFTER HEATING 


This part of the investigation was undertaken to determine the 
effect of grain size, as induced by initial heat treatment, on the short 
time ultimate strength, the ductility at elevated temperature and on 
the corrosion resistance after heating at a temperature within the 
carbide precipitation range. A comparative study of 18-8 alloy of 
two carbon contents is made through the temperature range 800 to 
1700 degrees Fahr. (425 to 925 degrees Cent.) inclusive, which 
temperatures are, respectively, below the carbide precipitation tem- 











perature on long heating and just below the temperature of ap- 
preciable carbide s¢ ubility. 
COMPOSITION OF MATERIALS 


The materials employed consisted of 7g-inch diameter, hot-rolled 
18-8 alloy rods of the following compositions: 
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Per Cent Per Cent 


I a al Ce a 0.054 0.14 
CN eB et 0.40 0.31 
NE Sst ron a key nee SiS KS 0.012 0.011 
PONS ie dis in ees ..-. 0.020 0.008 
I ee eS ee als atte Wie 0.37 0.43 
I le iS Wile kee ba 5 io aoe 17.41 
NS a eRe ee ek ak puted 9,22 9.56 


HEAT TREATMENT OF SPECIMENS 


A sufficient number of test specimens were cut from the %g-inch 
rods of each material, to give tensile specimens tor short time high 
temperature tests through the range 800 to 1700 degrees Kahr. (425 
to 925 degrees Cent.) by 100-degree Fahr. intervals, for both one 
hour and 150 hours at temperature, before pulling. <A total of 160 
test specimens were cut, of which 40 were left in the “hot-rolled”’ 
condition and 40 each were heat treated by heating one hour at 1900 
degrees Fahr. (1040 degrees Cent.), 2100 degrees Fahr. (1150 de 
gress Cent.) and 2300 degrees Fahr. (1200 degrees Cent.) re- 
spectively, and subsequently quenched in water. Procedure consisted 
of placing each group of specimens in a hot furnace, allowing them 
to remain at temperature one hour after the furnace had again 
reached the chosen temperature. 

Temperatures of 1900 degrees Fahr. (1040 degrees Cent.) , 2100 
degrees Fahr. (1150 degrees Cent.) and 2300 degrees Fahr. (1260 
degrees Cent.) were selected from the preliminary experiments on 
heating as having a sufficient difference between temperatures to cause 
a corresponding difference in the grain size of the alloy treated at 
these respective temperatures. The “hot-rolled’’ rod was used as 
representing the smallest grain size available. 


Test PROCEDURE 


After heat treatment as previously described, one-half of the 
quantity of the %g-inch round 0.05 per cent and 0.14 per cent carbon 
specimens, were machined into 0.505-inch diameter 2-inch gage length, 
threaded end test pieces. Short time tensile tests were made using an 
electric resistance tube furnace supported in a 60,000 pound capacity, 
universal testing machine. A temperature controller was used for 
bringing up and holding the specimen at the desired temperature. (In 
view of the large amount of elevated temperature test work done in 
recent years, it does not appear necessary to describe the apparatus 
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used in detail, as the usual equipment for such tests is well known. 
The temperatures recorded in the data are approximate only and are 
correct to plus or minus 15 degrees Fahr. The difference in tempera 
ture between successive tests through the temperature range studied, 
was approximately 100 degrees Fahr. (38 degrees Cent.) which was 
considered more important than extremely accurate temperature 
values. ) 

After reaching temperature, all test pieces were maintained one 
hour at temperature before pulling to ensure thorough and even heat- 
ing. This first group of 0.05 per cent and 0.14 per cent carbon alloy 
tests were pulled immediately after the heat treatments given with 
only the one hour heating period, and these have been designated in 
the data following as “short time tests, one hour at temperature.” 

The second half of the Y%-inch diameter specimens were 
separately heated for 150 hours at the temperatures at which they 
were later pulled. This heating was for the purpose of partially 
establishing equilibrium in the alloy to obtain an indication as to the 
probable properties after long continued service. The time element 
was obviously too long to permit holding the individual test speci- 
mens in the furnace of the testing machine, consequently, the samples 
were treated in groups in separate furnaces equipped with controllers. 
Kach group consisting of, hot-rolled, 1900 degrees Fahr. (1040 de- 
grees Cent.), 2100 degrees Fahr. (1150 degrees Cent.) and 2300 de- 
grees Fahr. (1260 degrees Cent.) quenched 0.05 and 0.14 per cent 
carbon test pieces, was held 150 hours at temperatures corresponding 
to the temperatures selected for study (for example, specimens to be 
pulled at 800 degrees Fahr. (425 degrees Cent.) were held 150 hours 
at 800 degrees Fahr. (425 degrees Cent.) ; those to be pulled at 900 
degrees Fahr. (480 degrees Cent.) were held 150 hours at 900 de- 
grees Fahr. (480 degrees Cent.) and so on.) 

After the 150-hour heating period, all specimens were removed 
from the furnaces and allowed to cool in air to room temperature. 
Due to sluggishness of transformation, it is believed that cooling in 
such manner did not seriously change or interfere with the character- 
istics established in the 150-hour heating period. Similar 0.505-inch 
diameter 2-inch gage length, threaded end test specimens were then 
machined up and short time tensile tests made, after holding one hour 
at pulling temperature, as before. This group of tests, which were 
heated a considerable time before testing are designated as “short 
time tests, 150 hours at temperature.” 
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All tests were made using the same testing machine, furnace, 
temperature controller and couple and employing, in every case, a 
cross-head speed on the testing machine of 0.08-inch per minute. 
The slowest pulling speed available was used as more nearly rep- 
resenting failure by creep, due to overheating, as occurs in practice. 
The time required for breaking the specimens from first application 
of load to rupture varied considerably and was dependent on the 
ductility of the individual specimen. ‘This time varied from less 
than two minutes to 12 or 15 minutes in the most ductile specimens. 


PHYSICAL PROPERTIES AT ELEVATED TEMPERATURES 


The effects of heat treatment on physical properties at elevated 
temperature, after one hour and 150 hours heating, are shown in 
Tables II to V inclusive. These tables give the short time tensile 
strength and ductility, as measured by per cent elongation and per 
cent reduction of area, for hot-rolled and 1900 degrees Fahr. (1040 
degrees Cent.), 2100 degrees Fahr. (1150 degrees Cent.) and 2300 
degrees Fahr. (1260 degrees Cent.) quenched 0.05 per cent and 0.14 
per cent carbon, 18-8 alloy. For convenience of comparison, the re- 
sults are plotted and shown in Figs. 3 to 10. There are also ap- 
pended Plates 1 to 16 inclusive, which are photographs of the frac- 
tured test specimens grouped by material and treatment. (Pages 


717-732.) 
DISCUSSION OF RESULTS OF SHORT TIME TESTS 
a. 0.05 per cent carbon, 18-8 alloy 


Comparison of the test results on the 0.05 per cent carbon mate- 
rial shows conclusively that the condition of the alloy, as induced 
by heat treatment, governs to a great extent, the ductility on rupture 
and affects to a certain degree, the short time strength at elevated 
temperature. At temperatures from 800 to 1200 degrees Fahr. (425 
to 650 degrees Cent.) inclusive, on one hour tests, the strength is 
lower, the higher the temperatures from which the alloy was orig- 
inally quenched, and in the main this is true all through the test 
range. An exception appears, see Fig. 3, in the 2300 degrees Fahr. 
(1260 degrees Cent.) quenched alloy, tested at 1600 degrees Fahr. 
(870 degrees Cent.). 

In the 150-hour tests, the hot-rolled and 1900 degrees Fahr. 
(1040 degrees Cent.) quenched alloys show somewhat greater 
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Table Il 


Effect of Heat Treatment on Physical Properties of 0.05 Per Cent Carbon, 18-8 Alloy, 
at Elevated Temperatures, Short Time Test, 





One Hour at Temperature 





Ultimate Strength 
















emp. of Test 1900 Deg. Fahr. 2100 Deg. Fahr. 2300 Deg. Fahr 

Deg. Fahr Hot-Rolled Quenched Quenched Quenched 
800 60,710 58,440 De OS eee 
400 58,310 55,345 54,252 51,848 
1000 54,245 51,330 50,700 48,800 
1100 47,902 46,303 44,705 41,600 
1200 38,261 37,512 35,314 35,589 
1300 30,819 28,821 29,040 25,750 
1400 32,750 29,100 28,750 21,050 
1500 18,530 17,882 15,580 15,934 
1600 13.650 11,900 9 220 14,700 
1700 9.950 9.323 8,542 7,592 








Reduction of Area in Per Cent 











800 69.3 70.6 71.4 pacers 
900 71.1 72.3 71.4 68.2 
1000 67.5 66.5 70.6 65.4 
1100 57.5 $1.7 50.6 39.4 
1200 58.8 50.6 30.8 31.2 
1300 61.1 51.1 28.9 13.0 
1400 71.0 54.0 24.8 10.4 
1500 42.8 31.2 15.9 5.0 
1600 3x8 30.5 11.9 5.9 
1700 35.0 40.8 25.8 5.8 













Per Cent Elongation in 2 Inches 











800 45.5 46.0 46.5 ee 
9OU 45.0 46.0 46.0 47.0 
1000 43.5 44.0 44.5 45.0 
1100 42.5 40.0 39.0 34.0 
1200 57.0 49.0 31.0 26.0 
1300 60.5 56.0 27.0 14.0 
1400 49.0 49.0 iv<a 8.5 
1500 49.5 40.0 16.0 8.5 
1600 43.5 37.5 14.5 6.5 





1700 





48.0 


sac 





strength from 800 to 1000 degrees Fahr. (425 to 540 degrees Cent. ) 
inclusive. Consult Fig. 4+. Above 1000 degrees Fahr. (540 degrees 
Cent.) the strengths are more nearly uniform, although the hot-rolled 
condition exhibits slightly greater values than the quenched conditions 
up to 1500 degrees Fahr. (815 degrees Cent.). 
















The ductility of the alloy, after one hour heating, is unaffected 
by heat treatment until a temperature of 1000 degrees Fahr. (540 de- 
grees Cent.) has been passed. At 1100 degrees Fahr. (595 degrees 
Cent.) both reduction of area and elongation diminish as the initial 
heat treating temperature, to which the specimens were subjected, in- 
creases. It will be observed that the hot-rolled and to a lesser extent 
the 1900 degrees Fahr. (1040 degrees Cent.) quenched alloy maintains 
ductility up to 1400 degrees Fahr. (760 degrees Cent.) while the alloy 


quenched from higher temperatures shows a rapid decrease in this 
property. 
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Table Ill 
Effect of Heat Treatment on Physical Properties of 0.05 Per Cent Carbon, 18-8 Alloy, at 


Elevated Temperatures. Short Time Test, 150 Hours at Temperature 


Temp. of Test 
Deg. Fahr. 


$00 

900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 


S00 

900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 


800 

900 
1000 
1100 
1200 
1300 
1400 
‘500 
1600 
1700 


Hot-Rolled 


15,288 
14,300 
6,543 
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53,144 
$7,870 
36,716 
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Reduction of Area 


69.7 
64.0 
66.8 
68.6 
70.8 
71.4 
63.5 
42.6 
47.7 
45.8 


Per Cent Elongation in 


46.0 
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44.0 
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57.0 
51.0 
56.0 
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60.5 


The temperature 


varies somewhat depending on heat 
as follows: 


69.7 

71.3 
71.5 
65.8 
65.8 
57.3 
50.6 


43. 
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7 
45.8 
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Ultimate Strength 


1900 Deg. Fahr. 
Quenched 


2100 Deg. Fahr. 2300 Deg. Fahr. 
Ouenched Quenched 
56,690 54,030 
53,999 51,948 
19,924 19.472 
48,052 45,763 
36.313 35.232 
36,090 36,391 
23.500 23,550 
9,090 5,965 
15,100 14,650 
4,812 5, 363 


in Per Cent 


ero 
Jd.¢ 


46.5 


of minimum 


Hot-rolled, 1700 degrees Fahr. 
1900 degrees Fahr., quenched, 


Cent. ). 


2100 degrees Fahr., quenched, 


Cent. ). 


? 


- 


71.8 64.8 
se f3.0 
64.1 61.3 
59.6 46.9 
41.0 34.2 
44.0 34.2 
27.7 26.5 
29.2 15.6 
37.9 24.1 
61.0 13.8 
Inches 
46.5 46.0 
47.0 47.0 
40.0 45.0 
46.0 38.5 
39.0 34.0 
33.0 32.0 
25.0 19.0 
21.5 12.0 
33.0 7.5 
59.0 22.0 


ductility, on one hour’s heating, 


(925 


1600 


1600 


2300 degrees Fahr., quenched, 1500 


Cent. ). 


treatment received, being roughly 


degrees Cent. ). 
degrees Fahr. (870 degrees 


degrees Fahr. (870 degrees 


degrees Fahr. (815 degrees 


In the 2300 degrees Fahr. (1260 degrees Cent.), quenched alloy, 
there is little difference in either elongation or reduction of area 


through the range 1400 degrees Fahr. (760 degrees Cent:) to 1700 
degrees Fahr. (760 to 925 degrees Cent.). . This is partially true, 


also, of the alloy quenched from 2100 degrees Fahr. (1150 degrees 
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Table IV 
Effect of Heat Treatment on Physical Properties of 0.14 Per Cent Carbon, 18-8 Alloy at 
Elevated Temperature, Short Time Test One Hour at Temperature 


Ultimate Strength 


Temp. of Test 1900 Deg. Fahr. 


2100 Deg. Fahr. 2300 Deg. Fahr. 





















Deg. Fahr. Hot-Rolled Quenched Quenched Quenched 
S00 74,000 73.200 70,000 69,200 
900 72.000 71.000 65,800 68.700 
1000 67,200 68,450 61,200 64,700 
1100 63,900 62,300 52,000 57,800 
1200 55.300 51,900 44,100 46,800 
1300 40,100 44,300 34,300 40,500 
1400 30,900 32,050 26,950 29.250 
1500 24,250 23,100 21,350 23,050 
1600 16,190 16,060 15,130 9,250 
1700 14,740 12,450 14,400 12,750 






























Reduction of Area in Per Cent 
800 race 74.5 70.8 71.1 
900 57.7 73.0 64.7 67.4 
1000 68.3 72.2 46.3 61.5 
1100 56.6 49.5 a2:3 36.3 
1200 56.1 34.5 22 23.9 
1300 38.0 31.3 aad 17.1 
1400 64.6 44.7 30.2 19.9 
1500 41.1 29.7 22.8 13.8 
1600 36.1 33.9 27.6 25.4 
1760 5 38.7 31.¢ 1 
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ture is sufficient for carbide precipitation, even on 
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Inches 


Cent.) ; however, improvement is shown at 1700 
degrees Cent. ). 





shows uniform ductility regardless of treatment in both 
elongation and reduction of area to 1000 degrees Fahr. (540 degrees 


At 1100 degrees Fahr. (595 degrees Cent.), which tempera- 


On the other hand, the specimens quenched from higher 
temperatures and representing large-grained alloy, diminish rapidly 
in ductility as the temperature increases from 1100 degrees Fahr. 
(595 degrees Cent.). 


degrees Fahr. 


heating period 
as short as one hour, the ductility is affected in a degree which is 
dependent on the grain size as induced by the initial heat treatment. 
The hot-rolled, and to a lesser extent the 1900 degrees Fahr. (1040 
degrees Cent.) quenched alloy starts improving in ductility which rises 
to a maximum reduction of area at 1400 degrees Fahr. (760 degrees 
Cent.) with maximum elongation at 1300 degrees Fahr. (705 degrees 
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18-8 ALLOYS AT HIGH TEMPERATURES 


Table V 


Effect of Heat Treatment on Physical Properties of 0.14 Per Cent Carbon, 18-8 Alloy at 


Elevated Temperature, Short Time Test, 150 Hours at Temperature 


Ultimate Strength 


Temp. of Test 1900 Deg. Fahr. 2100 Deg. Fahr. 2300 Deg. Fahr. 
Deg. Fahr. Hot-Rolled Quenched Ouenched Quenched 
R00 74,700 73,200 71.800 69.100 
900 70,390 69,520 69,250 67.810 
1000 69,320 70,025 67,280 64,850 
1100 64.200 66,170 63,100 59.250 
1200 50.800 54.650 51.360 46.845 
1300 41,100 46,350 46.550 42.850 
1400 14,650 21,370 26,170 31.000 
1500 21.675 24,375 0.750 23,400 
1600 17,050 17.080 17.900 16,800 
1700 16,133 16,336 14,785 15,280 


Reduction of Area in Per Cent 


800 62.6 64.8 57.8 55.6 
IND 66.6 70.7 70.4 69.0 
1000 64.6 65.8 59.9 51.7 
1100 58.1 56.9 $4.0 1.9 
1200 56.2 35.4 31.6 25.5 
1300 62.3 36.7 30.8 8.8 
1400 §.6 58.8 45.3 $1.9 
1500 18.6 36 15.3 2S 
1600 33.5 35.3 ia 30.0 
1700 42.8 39.1 36.3 33.4 


Per Cent Elongation in 2 Inches 


S00 49.9 51.5 48.0 +8. ( 
i100 47.0 50.0 51.0 55.0 
1000 13.5 47.5 45.0 45.( 
1100 38.0 15.0 37.5 30.0 
1200 41.0 1.0 26.0 20.0 
i300 49.0 5.0 24.0 17.5 
1400 54.9 65.0 51.0 36.0 
1500 53.5 1.5 14.0 20.0 
1600 38.5 472.0 32.5 26.0 
1700 32.0 35.0 47.0 36.0 


On heating 150 hours before testing, Fig. 6, the same general 
characteristics are found as in the case of the one hour heating. The 
fine-grained material has much better ductility than the coarse- 
erained, above 1000 degrees Fahr. (540 degrees Cent.). The hot- 
rolled alloy shows the greatest ductility which it maintains to 1300 
degrees Fahr. (705 degrees Cent.), having at that temperature 71.4 
per cent reduction of area and 51.0 per cent elongation in 2 inches. 

It is interesting to note, on comparison of the elongation and 
reduction figures given in Table II and III, that improvement occurs 
on heating 150 hours as against heating one hour. This is particularly 
noticeable in the 2100 and 2300 degrees Fahr. (1150 and 1260 de- 
grees Cent.) quenched alloy, and is probably due to reparation by 
diffusion of the material in the vicinity of grain boundaries, which has 
been altered by carbide precipitation. Long heating, because of the 
time necessary for diffusion at these temperatures, causes improve- 
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1 Hour Heating. on 150 Hours Heating. 




















ment in ductile properties over that found on short heating. The 
temperature of minimum ductility on 150 hours heating is 1500 de- 
grees Fahr. (815 degrees Cent.) for all conditions of heat treatment. 

Again considering the strength values given in Fig. 3, it will be 
seen that strength is maintained between 1300 and 1400 degrees Fahr. 
(705 and 760 degrees Cent.) in spite of the 100 degrees Fahr. (38 
degrees Cent.) rise in temperature. This is true for all conditions 
except the 2300 degrees Fahr. quenched state. The hot-rolled alloy 
even increases slightly in strength. On 150 hours heating, this same 
phenomenon occurs, but due to the time effect in establishing 
equilibrium, it now occurs between 1200 and 1300 degrees Fahr. 
(650 and 705 degrees Cent.). An inferred explanation of this 
maintenance in strength, is that it corresponds to the Ac, transforma- 
tion point occurring in the various carbon and low alloy steels and 
represents the temperatures at which some alpha iron is formed. Ac- 
cording to Lester®, this may be described as due to stiffening of the 
austenite grains, from precipitation of alpha iron, which causes inter- 


°H. H. Lester, “‘The Brittle Range in 18 and 8 Chromium-Nickel-Iron.’”’ TRANSACTIONS, 
American Society for Steel Treating, Vol. 16, November, 1929, p. 743. 
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ference to slip. The alpha iron may be formed by mechanical work 
due to deformation during pulling of the specimens. (Alpha iron 
may be formed also by heating 0.05 per cent carbon, 18-8 alloy at 

















1200 1300 1400 1500 1600 1700 
Temperature, Degrees Fahrenheit 


Fig. 5—Effect of Heat Treatment on the Ductility of 0.05 Per Cent 
Carbon, ‘18-8’ Alloy at Elevated Temperatures. Short Time Test, 1 
Hour at Temperature. 
certain elevated temperatures without deformation). (Note by the 
author. ) 

Further study of Fig. 4 shows the strength to drop uniformly 
between 1300 and 1500 degrees Fahr. (705 and 815 degrees Cent. ). 
At 1600 degrees Fahr. (870 degrees Cent.) an appreciable increase in 
strength occurs, excepting for the hot-rolled alloy. This increase in 
strength might be attributed to the Ac, transformation where the 
alpha iron formed at the lower temperatures is again converted to 
gamma iron. Ordinary steels and even pure iron’ show an increase 
in short time strength at temperatures corresponding to their Ac, 
transformation points, which is the temperature at which complete 
change to gamma iron or austenite occurs. Austenite being superior 
in strength to alpha iron causes an increase in the strength because 
the alloy has fully returned to the austenitic condition at this tempera- 
ture. 


_ ‘Albert Sauveur, “Steel at High Temperatures,’ TRANSACTIONS, American Society for 
Steel Treating, Vol. 17, March, 1930, p. 410. 
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b. 0.14 Per Cent Carbon, 18-8 Alloy 





In general, the 0.14 per cent carbon alloy shows somewhat 
greater short time strength than the 0.05 per cent carbon alloy, the 
difference being about 13,000 pounds per square inch at 800 degrees 
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Fig. 6—Effect of Heat Treatment on the Ductility of 0.05 Per Cent 


Carbon, ‘18-8’ Alloy at Elevated Temperatures. Short Time Test, 150 
Hours at Temperature. 


Fahr. (425 degrees Cent.) and 5000 pounds per square inch at 1700 
degrees Fahr. (925 degrees Cent.). This difference in strength is 
attributed to the greater amount of carbon contained in 0.14 per cent 
carbon material. 

The one hour tests, Fig. 7, show smooth curves except for the 
2300 degrees Fahr. (1260 degrees Cent.) quenched alloy at 1600 de- 
grees Fahr. (870 degrees Cent.) where the strength drops consider- 
ably below the value for the same treatment at 1700 degrees Fahr. 
(925 degrees Cent.). This suggests ayain the Ac, transformation 
point. In the tests held 150 hours before pulling, Fig. 8, there is a 
suggestion of the Ac, point between 1200 and 1300 degrees Fahr. 
(650 to 705 degrees Cent.) indicated by change in slope of curves. 
The Ac, point is indicated at 1500 degrees Fahr. (815 degrees Cent.) 
particularly by the increase in strength of the hot-rolled and 1900 
degrees Fahr. (1040 degrees Cent.) quenched alloy. These trans- 
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18-8 ALLOYS AT HIGH TEMPERATURES 





























800 1000 1200 1400 160 800 1000 120 1400 1600 
lemperature, Degrees Fehrenhert Temperature , Degrees Fahrenheit 
Fig. 7—Effect of Heat Treatment Fig. 8—Effect of Heat Treatment 
on the Short-Time Ultimate Strength of on the Short-Time Ultimate Strength of 
0.14 Per Cent Carbon, “18-8” Alloy, on 0.14 Per Cent Carbon, ‘18-8’ Alloy, on 
1 Hour Heating. 150 Hours Heating. 


formation points are not nearly as pronounced in the 0.14 per cent 
carbon alloy as in the 0.05 per cent carbon alloy, due to the greater 
stability of the austenite phase induced by the additional carbon 
present. At 1400 degrees Fahr. (760 degrees Cent.) there is con- 
siderable difference in strength, the coarse-grained being superior to 
the fine-grained alloys. 

The ductility of the 0.14 per cent carbon alloy is affected by 
heat treatment in much the same manner as was the 0.05 per cent 
carbon alloy at elevated temperatures. Below 1000 degrees Fahr. 
(540 degrees Cent.) there is no great difference, but above this 
temperature, the trend of reduced ductility is evidenced both on the 
one hour and the 150 hour tests, Figs. 9 and 10. The fine-grained 
conditions show superiority over the coarse-grained conditions. Con- 
trary to the 0.05 per cent carbon alloy, the higher carbon material 
shows minimum ductility at 1300 degrees Fahr. (705 degrees Cent.). 
There is also a low point at approximately 1500 degrees Fahr. (815 
degrees Cent.) with an increase in ductility for all grain sizes on 
heating for one hour at 1400 degrees Fahr. (760 degrees Cent. ). 
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Fig. 9—Effect of Heat Treatment on the Ductility of 0.14 Per Cent 
Carbon, ‘18-8’ Alloy at Elevated Temperatures. Short 


Time Test, 1 
Hour at Temperature. 
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Fig. 10—Effect of Heat Treatment on the Ductility of 0.14 Per Cent 
Carbon, “18-8” Alloy at Elevated Temperatures. Short Time Test, 150 
Hours at Temperature. 
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CREEP AS AFFECTED BY GRAIN SIZE 


The preceding discussion was given mainly to point out the char- 


acteristics of the alloy as disclosed by the elevated temperature tests, 


particularly with reference to ductility as affected by grain size. It 


has been shown by other investigators that the creep strength of, or 


the ability of the 18-8 alloy to carry constant load at high tempera- 


tures, may be affected by grain size. 


son,” state: 


“In the 
18 per cent 


French, Kahlbaum and Peter- 


case of the wrought alloy containing about 0.15 per cent carbon, 
chromium and 8 per cent nickel, fine-grained and coarse-grained 


samples showed about equal load carrying ability at 990 degrees Fahr. (530 


degrees Cent.), but the fine-grained were weaker than the coarse-grained at 


1180 degrees Fahr. (640 degrees Cent.). 


This should not be taken as a rec- 


ommendation of coarse-grained metals for high temperature service since frac- 


Pa. 3s 


Fe-Ni-Cr Alloys and Some Steels at Elevated Temperatures,” 
of Research, Vol. 5, 





No, 1, July, 1930, p. 182. 


French, William Kahlbaum and A. A. 


Peterson, “Fiow Characteristics of Special 
Bureau of Standards, Journal 
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ture may occur with less total elongation than in the corresponding fine-grained 
metals and so counteract any advantages from lower rates of flow. There i 
also the possible added disadvantage of weakness in resisting shock.” 

Further, Kanter and Spring® in a recent publication draw the 
following conclusions regarding creep of the austenitic chromium 
nickel steel (18-8 alloy ). 

“Austenitic chromium-nickel steel (18-8 alloy) when water-quenched from 
2100 degrees Fahr. (1150 degrees Cent.) and therefore of large grain size is 
more resistant to flow than it is in the unaltered rolled condition, as shown at 
1200, 1400 and 1600 degrees Fahr. (650, 760 and 870 degrees Cent.). It is 
apparent that treatments which produce increased grain size reduce creep in 
metals above the equi-cohesive temperature.” 


The material investigated by Kanter and Spring was of the fol- 
lowing composition: carbon, 0.04 per cent ; manganese, 0.50 per cent ; 
silicon, 0.70 per cent ; chromium, 19.02 per cent; nickel, 9.74 per cent. 

While there will undoubtedly be some difference reflected in the 
ductility of 18-8 alloy under long time failure by creep at elevated 
temperatures, as against the short time results reported here, the 
somewhat greater advantage for creep 1n coarse-grained metal is more 
than offset by its poorer ductility on fracture, as compared with fine- 
grained metal. Comparison of the ductility of 0.05 per cent carbon, 
18-8 in the hot-rolled and 2100 degrees Fahr. (1150 degrees Cent.) 
quenched conditions, on both one and 150 hours heating, is as shown 
in the curves contained in Fig. 11. Fig. 12 shows the comparative 
short time strength of 0.05 per cent and 0.14 per cent carbon, 18-8 
alloy in the hot-rolled and 2100 degrees Fahr. (1150 degrees Cent.) 
quenched conditions, on the one hour heating period. 


MICROSTRUCTURE 


a. Grain Size 


The grain size of the 0.05 and 0.14 per cent carbon alloys in the 
hot-rolled condition, and after heat treatment, consisting of heating 
one hour at 1900, 2100 and 2300 degrees Fahr. (1040, 1150 and 1260 
degrees Cent.) respectively, followed by quenching in water is as 
shown in Figs. 13 and 14. The structures shown are average fields 
and are representative of the grain sizes contained in the specimens 
of each alloy tested at elevated temperatures. 


°J. J. Kanter and L. W. Spring, “Some Long Time Tension Tests of Steel at Elevated 
Temperatures,’’ Proceedings, American Society for Testing Materials, Vol. 30, Part I, 1930, 
p. 110. 





ee eRe ah en Cet BANE toler 





Zk Sd ni cli le AR a cael ot 8 NEE ar 





eerie? nth ecenet ae a3 1 oo 
ibaa SNS aNd BREA TEL 


Calne 


ots 


crak phswesletatt 









wen 


<4 F422 AO 





Ju 


r fine-grained 


N. There is 


kk.” 


n draw the 
chromium- 


ienched from 


grain size is 
as shown at 
ent. ). It is 


uce creep in 


of the fol- 
O per cent; 
4 per cent. 
cted in the 
at elevated 
| here, the 
tal is more 
| with fine- 
ent carbon, 
ees Cent. ) 
s as shown 
omparative 
rbon, 18-8 
ees Cent. ) 


loys in the 
of heating 
) and 1260 
‘ater is as 
rage fields 
specimens 


1 at Elevated 
Part I, 1930, 


oe P Bet REL 0 SRDS I SAAS: SOLE DG ht base cite 3? 


| 
| 
| 


& 
3 





eG SiN oe PSR 


ry 


eae 





}32 18-8 ALLOYS AT HIGH TEMPERATURES 697 


tt 


Trek 


oe 


Fig. 13—-Photomicrographs of Grain Size of 0.05 Per Cent Ce a Tae. 
All Specimens Etched with ‘“‘Chrome-regia. 4 100. A Rotne ee oe 
B—1900-Degree Fahr., (1040 Degrees Cent.) Quench, Brinell 137. ae Recetas’ 
(1150 Degrees Cent.) Quench, Brinell 131. D—2300 Degree Fahr. (126 egrees ; 
Quench, Brinell 131. 


b. Grain Size After Heating 


It would be difficult, because of the work involved, to present 





Fig. 14—-Photomicrographs of Grain Size of 0.14 Per Cent Carbon, ‘18-8’ Alloy. 
All Specimens Etched with ‘‘Chrome-regia.’’ <x 100. A—‘Hot-Rolled,’”’ Brinell 159. 
B—1900-Degree Fahr. (1040 Degrees Cent.) Quench, Brinell 143. C—2100-Degree Fahr. 
(1150 Degrees Cent.) Quench, Brinell 131. D—2300-Degree Fahr. (1260 Degrees Cent.) 
Quench, Brinell 126. 


photomicrographs of the structures of the 0.05 and 0.14 per cent car- 


bon 18-8 alloy in the hot-rolled and heat treated conditions after 150 
hours heating at temperatures through the range 800 to 1700 degrees 
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Fig. 15—Photomicrographs of Grain Size of 0.05 Per Cent Carbon, ‘18-8’ Alloy, 
After Reheating 150 Hours at 1200 Degrees Fahr. (650 Degrees Cent.). Etched with 
Hydrochloric Acid and Ferric Chloride. % 100. A—‘Hot-Rolled,” Brinell 156. B 
1900-Degree Fahr. (1040 Cent.) Quench, Brinell 153. C—2100-Degree Fahr. (1150 De- 
grees Cent.) Quench, Brinell 143. D—2300-Degree Fahr. (1260 Degrees Cent.) Quench, 
Brinell 137. 


Fahr. (425 to 925 degrees Cent.) consequently, and, in view of some 
previous work in this direction, a selection has been made of 1200 
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Fig. 16—Photomicrographs of Grain Size of 0.14 Per Cent Carbon, “18-8” Alloy, 
after Reheating 150 Hourg at 1200 Degrees Fahr. (650 Degrees Cent.) Etched with 
Hydrochloric Acid and Fac Chloride. X 100. A—“Hot-Rolled,” Brinell 170. B— 
1900-Degree Fahr. (1040 Degrees Cent.) Quench, C—2100-Degree Fahr. 

Brinell 146. D Fahr. (1260 Degrees 


(1150 Degrees Cent.) Quench, 

Cent.) Quench, Brinell 130. 

degrees Fahr. (650 degrees Cent.) to illustrate the behavior of the 
It should be here noted, that heating 


Brinell 156. 
2300- Degree 


alloy under 150 hours heating. 
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the alloys at 800 degrees Fahr. (425 degrees Cent.) which tempera- 
ture is below that producing carbide precipitation, or heating at 1600 
degrees Fahr. (870 degrees Cent.), for example, will not produce 
changes in structure which are equivalent with the changes effected 
by heating at the selected temperature, 1200 degrees Fahr. (650 de- 
grees Cent.). In other words, the changes produced will correspond 
to the particular temperature to which the alloy was heated, and, in 
consequence, the structures shown are representative of heating at the 
selected temperature only. 

The structures of the hot-rolled and heat treated alloys, after 
heating 150 hours at 1200 degrees Fahr. (650 degrees Cent.), are 
shown in Figs. 15 and 16. The specimens from which these photo- 
micrographs were taken were not from failed tensile pieces, but 
from separate specimens which were heated the 150 hour period along 
with the tensile specimens during treatment at 1200 degrees Fahr. 
(650 degrees Cent.). 

A study of these structures, compared with the unheated alloy, 
reveals that no change in grain size has taken place. The grain 
boundaries are much more easily etched and they have assumed a 
rounded, less angular appearance giving rise to a pebbly effect, espe- 
cially in the hot-rolled alloy. Due to loss in corrosion resistance, the 
grain boundaries in the reheated alloys appear broader than in the 
unheated alloys because of the more pronounced attack of the etching 
reagent. 

The Brinell hardness of the reheated alloys has increased slightly 
by. the phenomena of precipitation hardening and simple qualitative 
tests indicate the alloys have become slightly magnetic due to separa- 
tion of alpha iron. This latter effect appears somewhat more pro- 
nounced in the 0.05 per cent carbon than in the 0.14 per cent carbon 


alloy. 


CORROSION RESISTANCE AFTER HEATING 


The influence of carbide precipitation, on the corrosion resistance 
of the chromium-nickel austenitic steels, has been pointed out by: 


11 


Strauss, Schottky and Hinnueber,’® Aborn and Bain,” in which the 


1B. Strauss, H. Schottky and J. Hinnueber, “Carbide Precipitation During Tempering 
of Corrosion Resistant Non-Magnetic Chromium-Nickel Steel,’ Zeitschrift fuer Anorganische 
und Allgemeine Chemie. Vol. 188, January, 1930. 
1R. H. Aborn and E. C. Bain, “‘The Nature of the Nickel-Chromium Rustless Steels,” 
TRANSACTIONS of the American Society for Steel Treating. Vol. 18, p. 837. 
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mechanism of intergranular corrosion is described. Pilling’* has also 


described tests on corrosion embrittlement in a recent article. 





The author has observed that the heating resulting from welding 





and service at certain elevated temperatures may cause intergranular 
corrosion, especially in the higher carbon content 18-8 alloys. 


The general effect of reheating on corrosion resistance of heat 
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Fig. 17—Effect of Reheating on Cor- 
rosion Rate, 2150 Degree-Fahr. (1175 De- 
grees Cent.) Quench, 0.10 Per Cent Carbon 
“18-8” Alloy. 
















treated 0.10 per cent carbon alloy is shown in Fig. 17. This curve 
depicts the change in corrosion rate on reheating 100 hours at various 
temperatures using 10 per cent boiling sulphuric acid as a testing 
medium. The measurement of corrosion rate, on reheating within 











the carbide precipitation range, cannot be accurately determined be- 
cause, while some of the weight loss results from general solution of 
the alloy, the majority of the attack is of an intercrystalline nature. 
Continual grain dislodgment occurs while specimens are being washed 
and handled, and, unless all grains corroded around their boundaries 

















are removed, the loss in weight per unit time is not a correct revela- 
tion of the injury done. 











A number of tests such as described above indicate that the most 
pronounced injury or embrittlement occurs in 18-8 alloys when they 
are subjected to corrosion after reheating in a temperature range 1000 
to 1450 degrees Fahr. (540 to 790 degrees Cent.). This is assumed 























“Norman B. Pilling, “Some Effects of Nickel Content in Austenitic Iron-Chromium- 
Nickel Alloys,’”’ Proceedings, American Society for Testing Materials, Vol. 30, Part II, 1930, 
p. 27 
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Table VI 
Corrosion Test in 10 Per Cent Boiling Sulphuric Acid After Reheating 150 Hours at 
1200 Degrees Fahr. 


Condition 0.05 Per Cent Carbon 18-8 0.14 Per Cent Carbon 18-8 


Hot-rolled 0.2438 1.901 
1900 Degrees Fahr., quenched 0.7666 1.260 
2100 Degrees Fahr., quenched 0.0712 1.100 
2300 Degrees Fahr., quenched 0.0514 1.430 


Note: Figures denote loss in grams per square inch per hour. Duration of test, three 
hours. Samples of equal exposed surface area. 


to be due to precipitation of finely dispersed carbides'* within this 
temperature range which causes depletion of chromium in the vicinity 
of boundaries and reparation by diffusion cannot occur because of the 
low temperatures. Reheating at temperatures lower than 1000 de- 
grees Fahr. (540 degrees Cent.) results in no damage because of in- 
sufficient precipitation while reheating at temperatures higher than 
1450 degrees Fahr. (790 degrees Cent.) causes coalescence of the 
carbides into larger globules with reparation of the chromium de- 
pleted boundaries by diffusion from within the grains themselves. 
This results in a partial recovery of corrosion resistant properties. 
The 18-8 alloy, containing above approximately 0.07 per cent 
carbon, which has been reheated at temperatures between 1110 to 
1290 degrees Fahr. (600 to 700 degrees Cent.) is rapidly embrittled 
when boiled in a solution containing 10 per cent sulphuric acid and 
10 per cent copper sulphate. This test was devised by Strauss and is 
now familiarly known as the “Strauss Embrittlement Test.” It has 
been found that other corrosive agents such as, sulphuric acid, sul- 
phuric acid and ferric sulphate, acetic acid, hot salt water and even 
tap water, on long periods of exposure, can cause intergranular corro- 


sion of 18-8 alloy which has been reheated at these temperatures. 


In the presence of corrosion and in combination with stress, 
chromium-nickel austenitic alloys, which have been reheated to a 
temperature sufficient for fine carbide precipitation, may fail rapidly. 
Numerous cases of such failures have been noted, particularly in 
welded parts which have not been heat treated subsequent to the weld- 
ing operation. Disregarding the influence of stress (which admittedly 
has a great effect) the author sees a great deal in common between 
the corrosion occurring after such reheating and the corrosion which 


%The composition of the carbides which precipitate is unknown, but experiments by 
Aborn and Bain indicate that the chromium content of these carbides 1s very high, probably 
in the vicinity of 90 per cent chromium. (See reference 11.) 
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Fig. 18—Photographs of Corrosion Test Specimens of: (a) 0.05 Per Cent Carbon 
Alloy, (b) 0.14 Per Cent Carbon Alloy, Reheated 150 Hours at 1200 Degrees Fahr. (650 
Degrees Cent.) and then Immersed 3 Hours in 10 Per Cent Boiling Sulphuric Acid. 
Original Heat Treatments or Condition Given Above. Photographs About Actual Size. 


might occur while the alloy is maintained within the fine precipitation 
range at elevated temperatures. 

Accordingly, corrosion tests were made on the 0.05 and 0.14 per 
cent carbon alloys in the hot-rolled and heat treated conditions, after 
reheating 150 hours at 1200 degrees Fahr. (650 degrees Cent.). 
soiling 10 per cent sulphuric acid was selected as the testing medium 
because of its rapid rate of attack and its reducing action. Test re- 
sults are contained in Table VI, but, as previously pointed out, loss 
in weight is not a true indication of the damage resulting from re- 
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heating, consequently, the results should be viewed as an approxima- 
tion only. It is obviously better to have a general diminishing of 
corrosion resistance with little or no intergranular attack, than to 
have definite intergranular corrosion which could be construed as 
making the alloy part quite unreliable under conditions of stress at 
either low or elevated temperatures. Further consideration of the 
corrosion rates shown is unnecessary because a slight loss represent 
ing grain boundary corrosion is much more detrimental than a rela- 
tively larger loss in weight representing surface attack. [rom the 
photograph of the corrosion test specimens in Fig. 18, it may be ob- 
served that the initial heat treatment materially affects the susceptibil- 
ity to intergranular corrosion attack after reheating at 1200 degrees 
Fahr. (650 degrees Cent.). It will be observed that the hot-rolled 
and 1900 degrees Fahr. (1040 degrees Cent.) quenched 0.05 per cent 
carbon alloy have retained their characteristics, there being no inter- 
granular attack on the hot-rolled and only slight intergranular attack 
on the 1900 degrees Fahr. (1040 degrees Cent.) quenched alloy. In 
the 2100 and 2300 degrees Fahr. (1150 and 1260 degrees Cent.) 
quenched 0.05 per cent carbon alloy, intergranular attack has occurred 
and grains of the alloy may be readily detached from either specimen 
by picking with the fingers. In the 0.14 per cent carbon alloy all 
conditions are affected by intergranular corrosion and in a greater 
degree than the lower carbon alloy. The hot-rolled 0.14 per cent 
carbon corrosion test specimen has the appearance of surface cor- 
rosion because of its fine grain size, but it has also suffered inter- 
granular attack. The corrosion test specimens employed for this test 
were cut adjacent to each other from bars of each alloy before their 
respective heat treatments and the reheating at 1200 degrees Fahr. 
(650 degrees Cent.). It is evident that the only variable affecting 
the intergranular corrosion of each alloy was the grain size of the in- 
dividual specimens as induced by the initial heat treatment. The 


apparatus used for the corrosion tests consisted of a flask equipped 


with a reflux condenser substantially the same as that described by 
Huey." 


INTERGRANULAR ATTACK 


Having established that intergranular corrosion in 18-8 alloys, on 


4William R. Huey, “Corrosion Test for Research and Inspection of Alloys,” TRrans- 
ACTIONS of the American Society for Steel Treating, Vol. 18, 1930, p. 1126. 
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reheating within the carbide precipitation range, is a function of bot! 
carbon content and grain size, it becomes of interest to measure th: 
degree of susceptibility as influenced by these factors. This wa 
attempted by cutting the corrosion test specimens shown in Fig. 18 
transversely, followed by polishing and examining microscopically 
the corroded edges of the specimens. This examination brought out 
the findings, that in the absence of stress, the intergranular attack 
proceeded to remove one, or, at the most, two layers of grains at a 
time by boundary corrosion. 















The larger grained alloys, of course, 
suffered most by such process as one layer of large grains might equal 
All but the “‘hot- 
rolled” and 1900 degrees Fahr. (1040 degrees Cent.) quenched 0.05 
per cent carbon 18-8 alloy had suffered by the mode of attack de- 
scribed. 


three or four or more layers of smaller grains. 


The edge sections of the corrosion tests showed only one or two 
layers of grains attacked, consequently, the actual amount of attack 
in a given time in the individual specimens could only be determined 
by reference to original diameter of the specimens. Instead of this 
measurement, the transversely cut specimens were polished on their 
cross sections, as for a microscopic examination and then subjected 
to the Strauss solution consisting of boiling 10 per cent sulphuric 
acid and 10 per cent copper sulphate. 








Copper sulphate, when added to solutions of sulphuric acid’® acts 
as a passivifying agent and prevents the attack on stainless alloys 
which occurs in straight sulphuric acid solutions. This is true, how- 
ever, only when the alloys are in the proper condition for corrosion 
resistance. 












If certain areas are affected, for example, the grain 
boundary areas of austenitic nickel-chromium-iron alloys, by reheat- 
ing in the carbide precipitation range, an impoverishment of chro- 
mium at these areas takes place and the protective film giving corro- 
sion resistance is no longer maintained. This allows local corrosion 
to proceed so that the Strauss solution becomes a very excellent means 
of showing local impairment of corrosion resistant properties at the 
grain boundaries of reheated 18-8 alloys. 

The reheated 0.14 per cent carbon alloy showed considerable 
attack on the polished surfaces of the corrosion test specimens on 
two hours immersion in boiling Strauss solution. 






This attack pro- 
ceeded by way of grain boundary corrosion, which allowed whole 











67. G. H. Monypenny, “Stainless Iron and Steel,’’ John Wiley & Sons, Inc., 1926, 
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Fig. 19—-Photomicrographs of Polished Corrosion Specimens of 0.14 Per Cent Carbon, 
“18-8” Alloy. Reheated 150 Hours at 1200 Degrees Fahr. (650 Degrees Cent.) _and 
Boiled 2 Hours in “Strauss Solution.” & 50. A—‘Hot-Rolled.”” B 1900-Degree Fahr. 
(1040 Degree Cent.) Quench. C—2100-Degree Fahr. (1150 Degree Cent.) Quenched. 
D—2300-Degree Fahr. (1260 Degree Cent.) Quench. 


erains to be dislodged from both the edges and surtace ol the speci- 


mens. The grains themselves seemingly maintained their corrosion 


resistance, but large quantities of practically pertect austenite grains 
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Fig. 20—Photomicrographs of Polished Corrosion Specimens of 0.05 Per Cent Carbon, 
**18-8”" Alloy, Reheated 150 Hours at 1200 Degrees Fahr. (650 Degrees Cent.) and 
Boiled 10 Hours in “Strauss Solution.”” x 50. A—“‘‘Hot-Rolled.”’ B—1900-Degree 
Fahr. (1040 Degree Cent.) Quench. C—2100-Degree Fahr. (1150 Degree Cent.) Quench. 
D—2300-Degree Fahr. (1260 Degree Cent.) Quench. 


were removed from the parent metal. The positions occupied by 
grains before their removal from the specimens may be seen in the 


photomicrographs of the corrosion specimens contained in Fig. 19. 
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The darkened heavy grain boundaries represent corrosion and the 
blackened grains represent, in some cases, dislodgment of grains leav- 
ing holes in the surface and, in other cases, staining by precipitated 
copper, which resulted from impairment of corrosion resistance. In 
the 0.14 per cent carbomalloy, the amount of attack was considerable 
for all grain sizes, buytggyas much greater in the larger grained 
material. 

The reheated 0.05 per cent carbon alloy, by virtue of its lower 
carbon content and, consequently, smaller amount of precipitated 
carbides showed only a small amount of corrosion in the 2100 and 
2300 degrees Fahr. (1150 and 1260 degrees Cent.) quenched condi- 
tions, after two hours immersion in boiling Strauss solution, and 
showed practically no corrosion in the “hot-rolled’”’ and 1900 degrees 
Fahr (1040 degrees Cent.) quenched condition. soiling was con- 
tinued for a total of 10 hours, after which the photomicrographs in 
Fig. 20 were taken. 

It will be observed that only a small amount of intergranular 
attack has occurred on the 2100 and 2300 degrees Fahr. (1150 and 
1260 degrees Cent.) quenched 0.05 per cent carbon alloy, and none 
has occurred on the “hot-rolled” and 1900 degrees Fahr. (1040 de- 
grees Cent.) quenched alloy. No grains have been dislodged in the 
finer-grained conditions and no copper staining is evident, indicating 
that corrosion resistance has not been diminished. The grain 
boundaries have been etched slightly wherever carbide has formed, 
but due to the slight amount precipitated, a discontinuous net work 
prevents intergranular attack from surrounding the grains. 











CARBIDE PRECIPITATION AND GRAIN BOUNDARY EXTENT 











Krivobok and Grossmann,'® discuss the influence of carbide 
precipitation on reheating the 18-8 type alloy, while Aborn and Bain" 
and Strauss and co-workers’? point out that carbide precipitation 
occurs mainly at grain boundaries. Precipitation may also occur at 
“twinnings”, or at slip planes in worked metal, or, to some extent, 
throughout the grains themselves. 
Disregarding (for the purpose of simplicity) carbide precipita- 
tion occurring at any points except at grain boundaries, it imme- 
%V. N. Krivobok and M. A. Grossmann, “Influence of Nickel on the Chromium-Iron- 
Carbon Constitutional Diagram,’’ Transactions, American Society for Steel Treating, Vol. 


IX, 1930, p. 808. See also joint discussion of this paper and reference 11, “‘Rustless 
Steels,” p. 873. 
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diately becomes apparent that the amount or “extent” of grain 
boundaries available to the precipitated carbides, as well as carbon 
content, will govern the corrosion resistant properties of the alloy 
after such precipitation has occurfed. Assuming a given carbon con- 
tent in an alloy and several conditions of grain size, it will be seen 


in Fig. 21, which represents cross-sections through a metal exactly as 
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Fig. 21—-Diagrammatic Sketch Showing Relationship of Grain 
Size to “Grain Boundary Extent’ in a Metal in 3 Conditions of 
Grain Size. 


one would view them under the microscope, that the grain boundary 
extent is inversely proportional to grain size. 

With a large grain size, the boundary extent is considerably re- 
duced as compared to a small grain size, consequently, precipitation 
of fine carbides, even in an alloy of low total carbon content, may be 
sufficient to cause impairment of grain boundary areas by providing 
enough connected carbide precipitation to permit intergranular attack 
under suitable conditions of corrosion. However, if the grain size is 
small, the carbides have plenty of available boundary space for precip- 
itation and may even have more than sufficient for the contained 
carbon content. The precipitated carbide particles and regions of im- 






poverishment may then be scattered or so widely spaced that the 


grains are not completely surrounded. Subsequent corrosion cannot 














then proceed from one grain to another or totally around a grain. 
consequently, intergranular corrosion cannot take place. The proci 
of this theory is demonstrated by the corrosion tests in both sulphuric 
acid and the Strauss solution. 

With the 0.14 per cent carbon alloy, the amount of carbide pre- 
cipitated is sufficient to completely fill the grain boundaries available, 
even in fairly fine-grained alloy and, therefore, intergranular corro- 
sion cannot ordinarily be entirely eliminated by anything short of a 
heat treatment which will either place the carbides in solution, or 
coalesce the carbides into larger particles and repair the boundary 
areas by diffusion. 
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Fig. 22—Photomicrographs Showing Carbide Precipitation in (A) 
(1040 Degree Cent.) Quench 0.14 Per 


(B) 1900-Degree Fahr. 


After Reheating 150 Hours at 


Murakami’s Reagent. 


xX 750. 


1200 Degrees Fahr. 


(650 
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Fig. 23—Photomicrographs Showing Carbide Precipitation in (A) 2100-Degree Fahr. 
(1150 Degree Cent.) Quench and (B) 2300-Degree Fahr. (1260 Degree Cent.) Quench, 
0.14 Per Cent Carbon “18-8” Alloy After Reheating 150 Hours at 1200 Degrees Fahr. 
Etched with Murakami’s Reagent. X 750. 
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Fahr. 


1ench. . Fig. 24—Photomicrographs Showing Carbide Precipitation in (A) “Hot-Rolled’’ and 
Fahr (B) 1900-Degree Fahr. (1040 Degree Cent.) Quench, 0.05 Per Cent Carbon ‘18-8’ 
’ Alloy After Reheating 150 Hours at 1200 Degrees Fahr. (650 Degrees Cent.) Etched 
with Murakami’s Reagent. X 750. 
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Fig. 25—Photomicrographs Showing Carbide Precipitation in (A) 2100-Degree Fahr. 
(1150 Degrees Cent.) Quench, and (B) 2300-Degree Fahr. (1260 Degree Cent.) -Quench, 
0.05 Per Cent Carbon ‘18-8’ Alloy After Reheating 150 Hours at 1200 Degrees Fahr. 
Etched with Murakami’s Reagent. X 750. 
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Possibly the ductility of the alloys at elevated temperature is 
also affected by the distribution of carbides at grain boundaries. The 
concentration of a broad band of very fine particles in the boundary 
regions of large-grained alloy, would be expected to interfere with 
ductility to a greater extent than the scattered distribution or thin 


band of particles present at the boundary areas in fine-grained alloy. 


In any event, the ductility, as determined by short time tests, bears 
out this conclusion. 

The distribution of carbides on reheating 150 hours at 1200 de- 
grees Fahr. (650 degrees Cent.) is shown in the photomicrographs 
contained in Figs. 22, 23, 24 and 25. 


SUM MARY 


Preliminary experiments showing the influence of heat treat- 
ment on grain size, were made on 0.08 per cent carbon, cold drawn 
18-8 alloy and on 0.056 per cent carbon, hot-rolled 18-8 alloy. 

Data are presented on the short time ultimate strength and 
ductility of 0.05 and 0.14 per cent carbon 18-8 alloy in conditions rep- 
resenting several grain sizes. These data cover both one and 150 
hours heating in the range 800 to 1700 degrees Fahr. (425 to 925 de- 
grees Cent.). A discussion of the test results is given with reference 
to the effect of grain size on creep as found by other investigators. 

The grain sizes of the alloys are shown by photomicrographs 
for conditions representing hot-rolled and 1900, 2100 and 2300 de- 
grees Fahr. (1040, 1150 and 1260 degrees Cent. ). 

The effect of reheating at 1200 degrees Fahr. (650 degrees 
Cent.) on corrosion resistance, is shown by tests in dilute sulphuric 
acid and by susceptibility to attack in the Strauss solution. 

The distribution of carbides, precipitated by reheating at 1200 
degrees Fahr. (650 degrees Cent.) is shown in photomicrographs of 
0.05 and 0.14 per cent carbon alloy in the hot-rolled condition and 
after quenching from 1900, 2100 and 2300 degrees Fahr. (1040, 1150 
and 1260 degrees Cent.). 


CONCLUSIONS 


The following conclusions have been drawn from the results 
of this investigation : 

The ductility of both 0.05 and 0.14 per cent carbon, 18-8 alloy, 
on rupture at elevated temperature, is greatly affected by the grain 
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size of the metal. Fine-grained alloys show much more ductility thai 


do coarse-grained ones at temperatures in the approximate range 1100 
to 1700 degrees Fahr. (595 to 925 degrees Cent.). The short time 
ultimate strength is also affected by grain size, but this is not con- 
sidered of importance as other investigators have shown creep to be 
somewhat superior in coarse-grained 18-8 alloy at temperatures of 
1180 degrees Fahr. (640 degrees Cent.) and above. 

The corrosion resistance of 0.05 per cent carbon alloy is much 





less impaired by reheating within the fine carbide precipitation range 
than is the 0.14 per cent carbon alloy. Susceptibility to intergranular 
attack after reheating is influenced by both carbon content and grain 
size. Fine-grained low carbon alloy is not susceptible to intergranular 
corrosion on reheating, but may become so if the grain size is suffi- 
ciently large. This is due to the amount or extent of grain boundaries 
available to the precipitated carbides. The higher carbon alloy (0.14 
per cent) is susceptible even in a fine-grained condition by reason of 
the greater amount of carbon available for precipitation. 

Low carbon alloy having a fine grain size is to be preferred for 
elevated temperature service involving corrosion because of its greater 
ductility and nonsusceptibility to intergranular attack. 

Restriction of the carbon content and of the grain size of the 
18-8 alloy produces the most satisfactory condition for ductility at 
elevated temperature and for maintenance of corrosion resistant 
properties at or after heating to a temperature sufficient for carbide 
precipitation. 
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1932. DISCUSSITON—18-8 ALLOYS AT HIGH TEMPERATURES 


DISCUSSION 


Written Discussion: By R. L. Duff, chief metallurgical engineer, Stand- 
ard Oil Development Co., Elizabeth, N. J. 

There is not much I can say in regard to Mr. Newell's paper on “Influences 
of Grain Size on the Properties and Corrosion Resistance of the 18-8 Iron- 
Chromium-Nickel Alloy for Elevated Temperature Service,” other than that 


Heated 


[ am in perfect accord with Mr. Newell’s complete article. 

Written Discussion: By E. C. Wright, metallurgist, National Tube 
Company, Ellwood City, Pa. 

We are pleased to note another paper from Mr. Newell on the 18-8 alloys, 


Ouenched, 


~ 


and appreciate the thorough manner in which he has described the effect of 


Fahr., 


previous mill heat treatments on the properties of this metal for elevated tem- 
perature service and for resistance to corrosion. The whole question of the 
proper heat treatment of 18-8 alloys prior to introduction into service has been 


degrees 


highly controversial, although the majority of manufacturers have insisted that 
quenching the material above 2000 degrees Fahr. (1095 degrees Cent.) [pref- 
erably 2100 degrees Fahr. (1150 degrees Cent.) | was most desirable. 


300 


>? 


In reviewing Mr. Newell’s paper, we wish to point out some items which 
have influenced his results. In the first place the test pieces in Part II of the 
paper originated from hot-rolled 74 inch bar stock, although the photomicro- 
graphs exhibited for the hot-rolled material indicate that the hot rolling opera- 
tion was probably completed at temperatures below the recrystallization tem- 


Alloy, 


perature of about 1650 degrees Fahr. (900 degrees Cent.). Figs. 13A, 14A, 
15A and 16A show quite clearly the effects of low finishing temperatures on the 
hot-rolied billets. It would, therefore, be expected that the short time high 
temperature tensile test on this material at temperatures below the recrystal- 
lization point might still exhibit the effects of the previous work, resulting in 
slightly higher tensile strength as reported in Tables II, III, IV, and V. 

We also note that the annealing treatment imposed upon the hot-rolled 
specimens consisted of heating each lot for one hour at the selected tempera- 


© 
oO 
ms 
- 
o 
< 
cs 
r 
~ 


Cent 


0.14 Per 


tures prior to quenching. It is evident from the structures produced in heat 
treatment that the time of one hour at heat of different sizes of stock has re- 
sulted in considerable grain growth at all of the annealing temperatures; for 
example, in Fig. 13A and 13B the grain size in the hot-rolled specimen is 
estimated at 130 grains per square inch as compared to 11 grains per square 
inch in the sample heated to 1900 degrees Fahr. (1040 degrees Cent.). As 
the results of the short time tensile test and corrosion embrittlement test indi- 
cate that the metal quenched from 1900 degrees Fahr. (1040 degrees Cent.) 1s 
in most cases as good as the metal in the hot-rolled condition, it is believed that 
more careful regulation of the time at heat for the 1900 degrees Fahr. (1040 
degrees Cent.) heat treatment to produce a finer grain structure would have 


Specimens of 


Test 


Tensile 


remperatures Shown. 


16 


been even more beneficial. 

In attempting to regulate the grain size of commercial products, such as 
tubes or plates, made from 18-8 alloy, three contributing factors must be regu- 
lated to reach any required results. In manufacturing seamless tubes from this 
material the finishing temperature on the pipe mill varies quite widely depend- 
ing upon the wall thickness and outside diameter of the material being rolled; 
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for example, a tube such as 2 inches outside diameter by '% inch thick will be 
finished at a much lower temperature than a tube such as 5 inches outsick 
diameter by % inch thick and the grain size in the two products will vary con 
siderably. Following the production of the hot-rolled tube the grain size of th 
metal can be further controlled by adjustment of the annealing temperature 
between 1900 degrees Fahr. (1040 degrees Cent.) and 2100 degrees Fahr. (1150 
degrees Cent.) and also the time at which the specimen is held at heat. This 
factor has long been recognized, and the time at annealing temperature in 
heat treating seamless tubes has varied between ten minutes at heat and forty 
five minutes at heat, depending upon the wall thickness of the material being 
annealed. During the past four years we have produced several thousand tons 
of 18-8 tubing, none of which was ever heat treated above 1900 degrees Fahr. 
(1040 degrees Cent.), as the grain growth which always appears at higher 
temperatures was considered to be undesirable. The majority of the material 
has been used in cracking stills and as far as reported no instances of failure 
in any of these tubes have occurred. 

Several important consumers of this alloy have also recognized the effect 
of grain size in their material and have either specified that the heat treatment 
be in a range of 1850 degrees Fahr. (1010 degrees Cent.) to 1950 degrees Fahr. 
(1066 degrees Cent.), or that the grain size of the finished product be main- 
tained at some definite figure such as a minimum of twelve grains per square 
inch at one hundred diameters. 

Written Discussion: By Albert Sauveur, Gordon McKay Professor of 
metallurgy and metallography, Harvard University, Cambridge, Mass. 

What the author describes, in common with most writers, as “carbide 
precipitation” occurring in 18-8 steel at about 650 degrees Cent. (1200 degrees 
Fahr.) results, I believe, from the decomposition of the gamma solid solution 
through the formation of an alpha phase locating itself around the grain 
boundaries and along some crystallographic planes of the gamma solution. The 
alpha phase having little solubility for carbon, carbide particles are precipitated. 
It is probable that the austenitic condition of 18-8 steel is unstable at all tem- 
peratures below 650 degrees Cent. Lack of plasticity, however, prevents trans- 
formation from taking place until a temperature is reached sufficiently high to 
permit it. To prevent carbide precipitation, we should be able to delay the un- 
stability of the chromium-nickel-carbon austenite until such temperature is 
reached when lack of plasticity will prevent decomposition. Having in mind 
solely the formation of the alpha phase and subsequent carbide precipitation, it 
seems evident that since grain boundaries invite precipitation, the less their 
extent the better. A steel consisting of a single grain should be free from 
grain boundary precipitation. I believe, however, that in such a grain the 
alpha phase would form along some of its crystallographic planes. 

The influence of grain size so clearly and ably brought out by Mr. Newell 
is a distinct addition to our knowledge of the behavior of this important steel. 

Written Discussion: By Prof. Dr. B. Strauss and Dr. P. Schafmeister, 
Fried. Krupp A. G., Essen, Germany. Translated by H. A. DeFries, Cleveland. 

We congratulate Mr. Newell on his interesting paper on the influence of 
grain size on the properties and corrosion resistance of 18-8 iron-chromium- 
nickel alloy for elevated temperature service. Mr. Newell has made certain 
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4 
st 


facts available which, heretofore, were the private property of interested com- 
panies. On account of our experience and experiments, we are now presenting 
from our records our findings which, in most instances, are nothing else but a 
substantiation and amplification on the points brought forward so ably by Mr. 
Newell. 

Part |. It is well known that steels which possess no transformation 
point or which attain no equilibrium even after prolonged heating (as, for in 
stance 18-8) show grain growth with increasing temperatures. It is only pos 
sible to obtain fine grain on these steels by mechanical work. It 1s also known 
that the amount of working before heating, and also the duration of the heating 
cycle, are of great influence on the grain size insofar as deformation produces 
small grain size whereas prolonged heating produces grain growth. In ampli 
fication to the point set forth by Mr. Newell, we show in our Fig. 1 a recrystal 





Fig. 1—Recrystallization Diagram 
ot Austenitic (18-8) Chromium-Nickel 
Steel. 


lization diagram for the 18-8 alloy, which is based on the investigations of H. 
Schottky and H. Jungbluth.' In practice we, therefore, have the following 
method to produce fine grained 18-8 materials— 


Ist. Comparatively heavy reductions at low temperatures 
2nd. Short heating time in heat treating. 


Part Il. Before we commit ourselves to Mr. Newell’s remarks regarding 
the effect of grain size on physical properties at elevated temperatures and on 
corrosion resistance after heating, we desire to discuss briefly the patented heat 
treatment’ and the history of its development. 

Austenitic chromium-nickel steels were produced in the beginning with 
higher carbon content, and were used as corrosion resistant materials at low 
temperatures. As maximum corrosion resistance is closely allied with a struc- 
ture of maximum homogeneity, it was obvious that the alloys of higher carbon 
content were formerly quenched from a high temperature in order to obtain a 


Stahl und Eisen, Vol. 50, 1930, p. 1517. 


2U. S. Patent No. 1404908 (31.1,22). 
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fully austenitic structure and the patented heat treatment was based on steels 


of such high carbon content. As an example for the beneficial influence of the 







higher quenching temperatures, we cite the loss in weight of chromium-nickel 
steels of the following analysis: 







Sample Cc Ni C1 


A 0.14 per cent 8.86 per cent 17.6 per cent 
B U.V6 per cent 8.70 per cent 18.0 per cent 










hese samples were quenched in water from 970 and 1150 degrees Cent. and 











then tested in fuming nitric acid of a specific gravity of 1.52 at boiling temper- 
ature 


Table I 


Loss in weight in gr per hr. per m* surface 
(g/hm*) 








lleat Treatment A (0.14% C) B (0.06% C) 
970° /Water 5.16 3.20 
1150°/Wate1 2.46 2.50 








It is already known that the patented heat treatments produce an improvement 
in. the physical properties at normal temperature in reference to elongation, 
reduction of area and deep drawing properties. 


In order to prevent intercrystalline corrosion® large quantities of 18-8 




















alloys have lately been made with a carbon content of below 0.07 per cent. It 
is a natural consequence that alloys of such low carbon content become fully 
austenitic even when quenched from as low a temperature as approximately 
1000 degrees Cent., but even in this case higher quenching temperatures are 
beneficial as to corrosion resistance in boiling, fuming nitric acid as is amply 
illustrated in Table 1. Notwithstanding the fact that higher quenching tempera- 
tures produce grain growth on 18-8 material, we have means (as we have al- 
ready stated) to prevent this grain growth, by selecting the working tempera- 
ture, the degree of deformation and the duration of the heating cycle, and by 
proper selection we are then enabled to produce the grain size, which is iully 
satisfactory. 

The next question asked would be—What were conditions under the cir- 
cumstances as cited or as given by Mr. Newell regarding the use of the mate- 
rial under certain conditions wherein the operating temperatures of 400 to 900 
degrees Cent. transformed the homogeneous austenitic structure into a non- 
homogeneous structure. 

TENSILE Properties. We can only substantiate the findings of Mr. Newell 
regarding tensile tests on 18-8 material, namely, that the elongation and reduc- 
tion of area diminish with increasing quenching temperatures between approxi- 
mately 600 to 900 degrees Cent. The following curves (Figs. 2 and 3) show 
our results with normal and low carbon 18-8 material; an explanation for the 
pronounced maxima at 500 degrees Cent. with 2 curves is unknown by us. 

In our tests, samples which were previously quenched in water from 950 


*U. S. Patent applied for. 
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1 steels and 1150 degrees Cent. were held for about 20 minutes at the testing temper- 
of the ture and then slowly pulled, using about 20 to 25 minutes. In comparison with 
1-nickel the corresponding curves (Figs. 5 and 9) in Mr. Newell's article, it is evident 


that in our investigation the differences between the curves for the 2 quenching 


nt. and 


emper- 
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x———= Reductionothres| om 150°C A eS echxctionottree| from I150°%C 
700 200 300 #0 500 600 700 S00 XO °2 0 20 300 0 50 600 700 a0 OW 
Degrees Centigrade Degrees Centigrade 
Fig. 2 Elongation — and Reduction of Fig. 3-——Elongation and Reduction of 
: Area on (18-8) Material at Different Tem Area on (18-8) Material at Different Tem 
vement peratures; Time of Pull 20-25 Minutes. peratures; Time of Pull 20-25 Minutes 
vation Analysis: Carbon 0.14, Nickel 8.78, Chro- Analysis: Carbon 0.06, Nickel 9.22, Chro 
, ’ mium 18.1. mium 18.0. 
f 18-8 temperatures is much less pronounced. We, therefore, wish to state (especially 
nt. It on account of the results as shown in Table II) that the speed at which the 
> fully sample is pulled is of utmost importance. For tests which were made sometime 
shatete ago, chromium-nickel steel quenched from 1150 degrees Cent. in water was 
- ae used, and had the following analysis: carbon 0.22 per cent, nickel 6.85 per cent, 
e . : > . 
amply and chromium 20.6 per cent. 
npera- : = oe ——- 
Table Il 
ve al- winitiihin nasi , 
aa Ultimate 
npera- Pulled at Elastic Limit Strength Elongation Reduction of 
nd by Degrees Cent. Time of Pull Lbs./Sq. In. Lbs./Sq. In. % Area % 
~ fully 800 12 seconds A 42,660 27 
. 800 1 minute 15,640 28,440 16 


800 10 minutes % 19,900 5 
. ; 800 42 minutes she 21,330 4 

i@ Ccir- ; ret is a al ; Be ent pan 

mate- 

(0 900 


non- 


The speed at which the samples were pulled by the tests made by Mr. 
Newell were from 2 to 15 min. and, therefore, could be of decided influence on 
the values obtained by him for elongation and reduction of area. What influence 
the grain size has upon the elongation and reduction of area at higher tempera- 
tures cannot be determined right off, totally aside from the fact that material 
of large grain size showed higher creep stress value. 

In amplification of the values at high temperature of 18-8 material which 
has been heated for a long time, we give some values taken at room tempera- 
ture and which were based on 18-8 materials which were heated for a long 
time. For this test 18-8 material of the following analysis was used: 

Sample G Ni Cr 


A 0.12 per cent 9 per cent 18.1 per cent 
B 0.06 per cent 9.22 per cent 18 percent 
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_ Fig. 4—Intercrystalline Corrosion of Acetylene-Welded (18-8) Sheets, 2 Millimeters 
Thick. Time of Boiling in Sulphuric Acid Copper Sulphate Solution—48 Hours. a 
3efore Welding Quenched from Temperatures Shown. 


Fig. 5—Intercrystalline Corrosion of Acetylene-Welded (18-8) Sheets, 2 Millimeters 
Thick. Time of Boiling in Sulphuric Acid Copper Sulphate Solution—48 Hours. x 2. 
Before Welding Quenched from Temperatures Shown. 
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Table Ill 
Elastic Ultimate Elongation Reduction Impact 
Treatment Limit Strength (5D) of Area ' 
Steel Degrees Cent. Lbs. per Square Inch % mkg/cm 
A 1150/water 42,240 92,450 60 68 21 
(.12% C) i150/300" 500 air 35,550 88,200 68 73 22 
1150/300" 600 ain 44,000 93.850 37 65 2] 
1150/3000" 700 air 44.000 102.400 +7 59 12 
1150/300" 800 air 34,190 18.100 0 60 4 
3 1000/water 29.906 89,600 60 67 20 
(.06% C) 1000/3000" 500 air 32.700 88.200 61 69 16 
1000/300" 600 ai: 28,450 90.800 + 67 14 
1000/300" 700 air 25.600 89.600 53 ob 13 
1000/300" 800 air 25,600 88.200 52 65 12 


* Mesnager tests. 


Even after heating at 700 to 800 degrees Cent. we observe no decrease in the 
elongation and in the reduction of area. Remarkable, however, is the decrease 
of the impact after long heating at 700 to 800 degrees Cent. 18-8 material at 
a low carbon content shows, however, much better under these conditions. 





1. CoRROSION-RESISTANCE. Our experience about the loss in general corro 
imeters ‘ : ° ‘ ‘ ‘ . . 
x 2 sion resistance on chemical attack (expressed in loss of weight) of the 18-8 by 


drawing it back between 400 and 900 degrees Cent., agrees with the results 
obtained by Mr. Newell. We were unable to obtain information that the 
quenching temperature has a deciding influence on the drawn 18-8 material 
when tested in boiling nitric acid. However, the duration of the annealing 
temperature and the carbon content are of greater influence. The corrosion 
attack is the heaviest with materials of high carbon content and when drawn 
between 600 and 700 degrees Cent. When the annealing has been carried on 
for a very long time, the corrosion attack generally becomes less. 

In reference to the question of intercrystalline corrosion,* in this connec- 
tion we have to observe the following points: 


1. Influence of the carbon content 
2. Influence of the drawing temperature 
3. Influence of the quenching temperature 
4. Influence of the drawing time. 


Mr. ‘H. D. Newell confirms our tests, namely, that the 18-8 material of low 
carbon content is immune against intercrystalline corrosion even after drawing 
at 500 to 900 degrees Cent. We furthermore found that the strongest inter- 
crystalline corrosion appears in 18-8 material after a short time annealing at 
600 to 700 degrees Cent. After drawing at 800-900 degrees Cent., the inter- 
crystalline corrosion diminishes and at 500 degrees Cent. it appears only after 





limeters oy , ‘ 
x 2 heating for a very long time. 


Our experiences regarding the influence of the quenching temperature in 
reference to the appearance of the intercrystalline corrosion are shown in Figs. 
4 and 5. The samples which we used were quenched from various tempera- 


‘A complete illustration on the question of intercrystalline corrosion will appear in the 
very near future in an article gotten out by Dr. Schafmeister and Dr. Houdremont. 
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tures in water, were then welded by oxyacetylene and, therefore, the drawing 
time was very short. The welded samples were then boiled for about 48 hour: t 
in the usual sulphuric acid, copper sulphate solution (H.SO, 1:10 plus 10 per t 
cent CuSO,). It is, in substantiation of the results of Mr. Newell, easily seen C 
that with 18-8 material of high carbon content with increasing quenching tem é 
peratures the intercrystalline corrosion increases. 18-8 material with low i 


carbon content is immune against intercrystalline corrosion using a short an- 
nealing time after being quenched from almost any temperature. The deduc- 
tions that Mr. Newell gives for this appearance, on account of the increase in 






Figs. 6 to 9—Photomicrographs of 18-8 Steel. 
Fig. 6—Water-quenched from 950 Degrees Cent. 
' Fig. 7—Water-quenched from 1150 Degrees Cent. 
Fig. 8—Water-quenched from 950 Degrees Cent. Annealed 10 Hours at 600 Degrees 
Cent. 
Fig. 9—Water-quenched from 1150 Degrees Cent. Annealed 10 Hours at 600 Degrees 
Cént. 





grain size with increasing quenching temperature with subsequent carbide dis- 
tribution, may be true in many instances, especially with hot-worked 18-8 ma- 
terial. We ask, however, to indicate here the manner of the carbide distribu- 
tion and its influence of the intercrystalline corrosion. Figs. 6 and 7 show the 
structure of the 18-8 samples with 0.15 per cent carbon and which were 
quenched from 950-1150 degrees Cent. respectively, in water, previously shown 
in Figs. 4 and 5. The material which was quenched from 1150 degrees Cent. 
in water is homogeneous austenite with comparatively large grain, the sample 
quenched from 950 degrees Cent. in water on the contrary shows carbide pre- 
cipitation in a fine-grained austenitic groundmass. 

The latter structure always appears when the working of the 18-8 mate- 
rial has been carried on at the lowest possible temperature using a high degree 
of deformation and when the heat treating temperatures are below that tem- 
perature at which the carbide goes again in solution.° 








5U. S. Patent applied for. 
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From the structure shown, we can derive the following explanation of 


the non-appearance of the intercrystalline corrosion at lower quenching tempera 
tures. By water quenching from 1150 degrees Cent., the homogeneous austenite 
contains plenty of carbide in solution which precipitates by subsequent annealing 
at 600 to 700 degrees Cent. in the grain boundaries and appears in finely divided 
form which is especially dangerous and produces intercrystalline corrosion. The 
explanation for this is probably due to diminishing of the chromium content in 
the neighborhood of the grain boundaries. 

In 18-8 materials which have been water-quenched from 950 degrees Cent. 
the austenite contains less carbide in solution, as free carbide is still present in 
the interior of the grains. 

If the material is annealed afterwards: 

(1). Less carbide precipitates 

(2). The free carbides act as a crystallization nucleus to which the pre- 
cipitated carbides migrate. In the grain boundaries themselves no finely divided 
carbide is present after an annealing of 600 to 700 degrees Cent. and therefore 
cannot cause intercrystalline corrosion. Figs. 8 and 9 give an explanation of 
the above theory and represent 18-8 material with about 0.15 per cent carbon 
which was heated for ten hours at 600 degrees Cent. 


There remains only to mention the influence of the annealing time. In 
comparing Fig. 5 with the results obtained by Mr. Newell on 18-8 material 
with low carbon content, the important influence of the time is shown. While 
short time heating—for instance, welding—is not dangerous with this material, 
however, longer time of heating produces indications of intercrystalline de- 
struction. 

We only want to mention here briefly that by very long time heating at 
certain temperatures and with materials of corresponding carbon contents, 18-8 
material can be produced in which the inclination towards intercrystalline cor- 
rosion is entirely absent.® 

Written Discussion: By J. B. Romer, chief chemist, Babcock and Wil- 
cox Tube Co., Bayonne, N. J. 

The influence of grain size on the properties and corrosion resistance of 
the 18-8 iron-chromium-nickel alloy for elevated temperature service is a sub- 
ject of great interest and Mr. Newell is to be congratulated on his excellent 
presentation of this subject. 

It is interesting to know that he has determined that the small-grained 
hot-rolled and the material quenched from 1900 degrees Fahr. show better 
physical properties after fine carbides had been precipitated due to long time 
heating at 1200 degrees Fahr. than the larger-grained material after the same 
treatment. 

The discussion of the relation of grain boundary area to the amount of 
carbides necessary to sufficiently deplete the grain boundary material of its 
chromium content brings out, in a clear manner, the effect of grain size. It is 
well illustrated, by his photomicrographs, that the attack is much more a sur- 
face effect on the fine-grained material. 

In conducting some corrosion tests on an 18-8 alloy containing about 2.7 





*—D. R. patent applied for. 
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per cent silicon, we found that this alloy was more resistant to sulphuric acid 
corrosion when quenched from 2300 degrees Fahr. than when quenched from 
1900 degrees Fahr., thus indicating that the higher temperature produces a more 
resistant material. It was further found that when the same material was 
heated for 150 hours at the carbide precipitating temperature of 1200 degrees 
Kahr. that the reverse was true, namely, that the large-grained material, which 
had been quenched from a high temperature, was less resistant to corrosion. 

Since corrosion attacks the carbides precipitated at the grain boundaries, 
a prolonged corrosion test would tend to dissolve the carbides around the grain, 
thus causing a dislodging of the grain. The high temperature quench, pro- 
ducing large grains, is therefore detrimental when the material is to be used 
within the carbide-precipitating range of 1000 to 1400 degrees Fahr. This 
feature has been well brought out by Mr. Newell. 

Written Discussion: By Victor N. Stefanides, Beaver Falls, Pa. 

Mr. Newell having been associated with the chromium-nickel alloys for 
some time, has rather an intimate knowledge of them. It was, therefore, a real 
pleasure to read his excellent piece of work, for which he is to be congratulated. 

The paper deals with generally accepted theories. So far much has been 
written and discussed about the intergranular carbide precipitation by such 
research workers as Strauss, Krivobok, Grossmann, Aborn, Bain and others. 













































































Due, however, to lack of any concrete evidence, it looks as though we are in- 
clined to over-emphasize that hypothesis. 








That there are some constituents separating at the grain boundaries, 
which in major part are carbides, we have sufficient evidence, but as to the 
depletion of chromium at the grain boundaries the evidence is still lacking. 

A great deal of credit is due to Dr. Krivobok for propounding the theory of 
stresses set in into the grain boundaries induced by quenching in his very 
eminent work on “A Study on Constitution of High Manganese Steel,” also to 
Prof. Sauveur and Mr. Chou, who have very ably shown, that alpha phase 
forms first at the boundaries and along the crystallographic planes of the austen- 
ite grains, in electric iron quenched from high temperature, in their work on 
“The Gamma-alpha Transformation in Pure Iron.” That the phenomenon of 
carbide precipitation in 18-8 is similar to that of high manganese steel, and 
that the transformation from gamma to alpha is first taking place at the grain 
boundaries, as found in electrolytic iron by Prof. Sauveur, hardly need to be 
emphasized. 


















































Ever since the theory of carbide precipitation with its accompanying 
impoverishment of chromium at the grain boundaries has been advanced, it has 
gained momentum, until now, when it is almost universal. The usual explana- 




















tion for the carbide precipitation and its accompanying curse is, that the alloy 
is sluggish, which means in that language, that the carbide at a favorable tem- 
perature will readily precipitate, taking with it a certain amount of chromium 
from the matrix adjacent to the carbide, and the reparation ensuing is rather 
slow. Indeed, indications are that such relationship does exist. However, 
when we consider that the solubility of one element in another is a physico- 




















chemical phenomenon, it soon becomes apparent, that we are dealing with some- 
what different conditions. 


Now, we know that solubility is defined as the property of one element 
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mixing with another in continuous proportion to form a homogeneous aggre- 


gate. From X-ray studies we know that solids are made up of atoms ar- 
ranged in crystal lattices. We must, however, differentiate between two kinds 
of solid solutions, namely, those where the solute is a substitution element of 
solvent, and those in which the solute is an interstitial element. The sub- 
stitution element will replace the solvent element and occupy its space, while 
the interstitial element will enter the solvent lattice and occupy the open spaces 
between the solvent atoms. It will suffice to say, that nickel and chromium are 
substitution elements, while the carbon is a well known interstitial element. At 
temperatures of 1200 degrees Fahr. the thermal agitation of atoms is indeed 
ereat when we consider that molten tin can dissolve platinum whose melting 
point is 3190 degrees Fahr. At any rate, it is conceivable that that temperature 
is sufficiently high to set the forces in action to repair any damage in equilib 
rium, especially with an element lke chromium, which is soluble in iron in 
all proportions and does not form intermetallic compounds with it. 

Carbon, as we know, is an interstitial element, and as such will occupy 
open spaces between the solvent atoms. The carbon being such, its solubility 
in iron is small which is even further reduced in 18-8, owing to nickel not 
forming carbides except on very rare occasions. The tendency of carbon in 
solution is two-fold, namely, that of occupying spaces in the solvent lattice, 
and that of forming compounds. The formation of compound will be chiefly 
determined by concentration, but the amount of solution in elementary form 
will depend upon temperature. As temperature is increased, more and more 
atoms of carbon will enter the space lattice until such time as the forces 
of combination are stronger and overcome the forces of diffusion. It is quite 
probable that the small elementary carbon atom will migrate with great free- 
dom and velocity from one lattice to another, however, a compound may be too 
large to pass through the lattice, thus it becomes permanently attached in the 
lattice. Here, then, we have some indirect evidence that the carbon does not 
migrate to the grain boundaries as readily as it is generally supposed. Not 
only that, but as such becomes a stabilizer of austenite (face-centered space 
lattice), because the space lattices being crowded, the atomic arrangement cannot 
proceed to rearrange itself in such a way as to revert back to alpha (body- 
centered space lattice), until temperature drops and the solubility of carbon thus 
is decreased. In all probability, a carbon-free or very low carbon 18-8 alloy 
will retain its magnetic properties at all temperatures below melting. That such 
is the case, has been shown by Dr. Krivobok in his excellent work on ‘Further 
Studies on Chromium-Nickel-Iron and Related Alloys,” however, he thinks 
that alloy of 0.01 per cent carbon, with which he was working, should have 
been nonmagnetic at temperatures 1600, 1800 and 1900 degrees Fahr., and not 
finding it so, he is of the opinion that some undetectable error crept in into his 
work. 

Heating the alloy of 18-8, with a carbon compound, in some carbide precipi- 
tation range, the tendency becomes indeed great for the carbides to detach them 
selves from the space lattices, it becomes so great, that the grains are actually 


stressed, as is indicated by the innumerable twinning planes (Fig. 16), along 
which carbides are actually separating out. That, however, does not preclude 
the carbide separation in other parts of the grains, as is especially evident in 
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Fig. 16B. In the lower carbon alloy, Figs. 13 and 15, the gamma transforma- 
tion is taking place very readily, more so than in the higher carbon alloy, which 
in the view of the above reasoning, would naturally follow. Magnetic measure- 
ments also seem to confirm this line of reasoning. 

At the time the carbides are separating, they are then established entities, 
and the chemistry of the individual grains will not be disturbed. There will be, 
however, atomic disturbance, because the carbides having migrated from the 
open space lattices, left enough freedom for the atoms to rearrange themselves 
in such a way as to change the crystal lattice from gamma (face-centered space 
lattice) to alpha (body-centered space lattice). This phenomenon will be more 
noticeable and quicker the less the carbon. Of course, the same thing will 
happen by cold working the alloy, with the exception that the thermal agita- 
tion will be substituted by dynamic forces, the carbide precipitation being very 
minute. As soon as heat is applied, they will coalesce. This naturally leads 
us to the supposition that other elements may act as a stabilizer of austenite, 
and, indeed, such is the case, although when another stabilizer besides carbon 
is present, then the amount of soluble carbon should decrease. 

In regard to corrosion due to precipitation of carbides and the accom- 
panying depletion of chromium at the crystallographic planes, it can be said 
that as solution is a physico-chemical phenomenon, so is corrosion an electro- 
chemical phenomenon. That it is so, can readily be substantiated. Before doing 
so, however, an apology is due to Mr. Bain, for disagreeing with him. Mr. 
Bain, to prove that the corrosion was not an electro-chemical phenomenon, 
proceeded to roll solid gold particles into chromium rustless alloys to be 
sure to have insoluble cathodes. A very ingenious idea, indeed. This he 
subjected to some mild corrosion and did not observe any amount of deteriora- 
tion in the vicinity of the cold cathode, concluding from that, that the corro- 
sion is not an electrolytic one. Mr. Bain, however, overlooked that corrosion 
in an oxidizing acid forms a protective coating consisting of chromium oxides, 
which not only protects the metal from further corrosion, but acts as an insula- 
tor to electric current. The current not being of a high density, the film may 
be sufficiently thick so that the current cannot puncture it, thus arresting any 
further corrosion. In a nonoxidizing acid, where the film formation does not 
take place, the case would be different. 

The writer has seen an % inch thick Toncan iron sheet, which has been 
brazed. The sheet has been immersed in Pittsburgh tap water and resisted 
corrosion for two years, and in subsequent three months, very badly corroded 
in the vicinity of the brazed section. For the sake of brevity, we will not go 
into a discussion of what was taking place, but it will suffice to say, that electro- 
lytic action does not necessarily take place immediately, but under some con- 
ditions it may take time to build up the necessary amount of current density. 

Since 1926 the writer has investigated almost every corrosion resisting 
alloy. Due to this investigation and study, he became thoroughly convinced that 
corrosion is simply electro-chemical phenomena. The study of corrosion was 
primarily confined to hydrogen generating acids. To substantiate further that 
the corrosion is an electro-chemical phenomenon, the writer conducted the fol- 
lowing experiment. 

An austenitic (not the high nickel) alloy was selected, whose corrosion 
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sforma- E 
_ which : rate in 10 per cent sulphuric acid at boiling temperature, was 0.00015 or less 
easure- : grams per square inch per hour. This alloy was subjected to 10 per cent 
boiling sulphuric acid for two weeks. (It was necessary to boil it that long 
ntities, on account of the slow rate of corrosion.) The alloy retained its bright surface 
will be, a for quite a long time, but eventually started to discolor, forming at the start a 
om the dark brown and eventually a black film. At the end of two weeks, the samples 
nselves were taken out and washed, after which they were immersed in mild boiling 
1 space : hydrochloric acid. The boiling hydrochloric acid removed the film by attacking 
e more the alloy under the film. The film thus removed was washed and analyzed. 
ig will The analysis showed it to be an oxide. Precautions were taken to remove the 
agita- bi oxygen from the solutions before immersing the samples. Here we have an 
gZ very F oxide film in a hydrogen generating acid. Where did it come from? Before 
y leads ; going further into this discussion, perhaps, it will be of some interest to point 
stenite, : out how the writer came to think that the discolored film was oxide. 
carbon On previous occasions it was observed, that when samples of this alloy 
‘ were subjected to boiling sulphuric acid corrosion, at times there would be a 
accom- small area from which gas would be evolved. At the path of the evolution of 
ye said 3 this gas, there would be a dark streak forming after which the evolution of 
‘lectro- % the gas diminished and gradually stopped entirely. From this observation it 
- doing | was reasoned that the gas could not have been hydrogen because it would not 
Mr. discolor the metal where it came in contact with it. The only alternative was 
menon, : oxygen, which was proven to be such by the above experiment. Now, from 
to be é electro-chemistry we know that sulphuric acid will break up to positive hydro- 
his he , gen and negative SO, radical. This is a well known phenomenon, and as such 
eriora- : we shall pass with the remark, that the SO, radical may directly combine with 
corro- E the ions from the anode, or may break up H.O liberating oxygen as the case 
‘rosion may be, depending upon the solubility of the anode. However, here is the 
oxides, Hi source of the oxygen. 
insula- f As resistant as this alloy is to sulphuric acid corrosion, it is quite possible 
m may By to bring about intergranular deterioration similar to that of 18-8, providing we 
lg any ; permit the carbides to precipitate. This has been observed by the writer. 
es not y The Durimets are also subject to the intercrystalline deterioration even with 
zs as high as 35 per cent nickel. Yet, strange as it may seem, the early Durimets, 
s been : without any chromium, are nearly as much susceptible to the intercrystalline 
esisted : corrosion as those with chromium. Why then do we have a greater corrosion 
rroded 3 in presence of chromium and a lesser in the absence of it? Because the 
not go 3 potential difference between carbides and the matrix is increased by the presence 
lectro- Es of chromium. Do we not know that the chromium-iron alloys have greater 
e con- 2 solubility in sulphuric acid than pure iron? Indeed, we do. The writer has 
sity. : made two austenitic alloys, one containing 8.36 per cent chromium, the other 
sisting 19.86 per cent chromium. The carbon analyzed 0.20 per cent in both, and. the 
sd that iH other elements present were very close. We have then an alloy here identical 
nm was 3 in every respect, except the chromium content. Samples of the two alloys were 
‘r that F heated at 2000, 2100, 2200 and 2300 degrees Fahr. for half an hour and 
he fol- Ls quenched from that temperature in cold water. The samples were then 
machined and subjected to sulphuric acid (10 per cent) corrosion at boiling tem- 
‘rosion e perature for 25 hours. The results given below are tabulated in grams per 


square inch per hour. 
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2000 2100 2200 2300 
Degrees Fahr. Degrees Fahr. Degrees Fahr. Degrees Fahr. 

High chromium 0.01036 0.00086 0.00055 0.00647 

Low chromium 0.00007 0.00009 0.00296 0.00014 




























Without going into any further discussion of these results, it will suffice 
to point out the greater solubility of the high chromium alloy. Does that not 
follow from the above, that if we have depletion of chromium at the grain 
boundaries, then the solubility due to such a condition should decrease? In all 
probability it does. Corrosion then is simply an electrochemical phenomenon, 
depending directly upon potential difference between carbides and matrix, the 
size of the carbides being in direct proportion with current density. Indirectly, 
the stresses at the grain boundaries and the metastable condition in the alloy 
will also have a great effect upon electrolytic action. 

Written Discussion: By Robert H. Aborn, United States Steel Corpora- 
tion Research Laboratory, Kearny, N. J. 


















































This paper carries out a well-conceived program in an admirable manner, 
and the conclusions, logically derived as they are from abundant data, warrant 
the attention of all who are concerned with this type of stainless steel. 

With regard to Fig. 17, it would be interesting to know what effect, if 
any, Mr. Newell considers that the quenching temperature (and time) would 
have on the location and magnitude of the maximum corrosion rate. 

In these alloys it seems unwise to say that the discontinuities in the strength 
curves are due to transformations, principally because the inordinate sluggish- 
ness of the alloys generally results in a transformation occurring over a wide 
range of temperature. At any rate the true A; transformation on heating re- 
sults in lessening rather than increasing the amount of ferrite. Furthermore, 
it does not seem likely, in view of other well-confirmed observations on such 
alloys, that the A; transformation could be found as high as 1600 degrees Fahr. 
particularly after 150 hours at temperature. Magnetic and X-ray observations 
on the fractured test specimens should throw much light on these points. 

The conclusion drawn by the author that the optimum treatment for low 
temperature service is not the optimum for temperatures within the carbide 
precipitation range provides an excellent illustration of a principle being rather 
slowly recognized in the application of stainless steels. The best treatment for 
one use is by no means the best for other uses. 






























































Oral Discussion 





A. V. DeForest:' I wish first to compliment Mr. Newell on this thorough 
and careful paper. It represents an enormous amount of careful labor. 

In regard to the mechanical behavior of 18-8 under conditions of stress and 
temperature, the grain size variable is very important, as Mr. Newell has well 
proved, but there is another variable which I would like to introduce into this 
already complicated system. The intergranular attack, so disastrous in still 
tubes, is a function of stress as well as composition of the steel and precipita- 
tion at grain boundaries. <A test for the stability of the metal should include 
stress, for corroding agents which have no effect in the unloaded state may 
































TResearch metallurgist, American Chain Company, Bridgeport, Conn. 
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attack grain boundaries under service loads, and reduce the available elongation 
to nothing. Under these conditions we have spontaneous disintegration as in 
the season cracking of brass. This dangerous possibility is not shown by the 
ordinary corrosion or creep tests, unless the latter are carried out simul 
tane¢ vusly 2 

F. R. Parmer: In reading both Mr. Newell's and Dr. Krivobok’s paper 
I noticed in their photomicrographs that Murakami’s reagent was used to de- 
velop the grain boundaries. I would like to ask whether they proved that the 
reagent used really does develop chromium carbide? My recollection is that 
this alkaline ferri-cyanide solution does not attack chromium carbide—even 
when applied hot. The reagent was used hot and cold to identify the double 
iron-chromium carbides and did not attack the simple chromium carbide. li 
Murakami’s solution does not attack CrsC but does attack the intermediate 
double carbides, perhaps that fact may give us a valuable clue as to what is 
really happening in these grain boundaries. 

I like Mr. DeForest’s suggestion of strain. It has run in my mind for a 
long time that, with two phases of different specific volume present and com- 
pressed one within the other, the resulting strain may be part of the answer. 
There are other facts that point toward the strain theory and away from the 
carbide deposition theory. If we take a 0.30 per cent carbon, 20.00 per cent 
chromium steel (which is ferritic and contains no gamma iron so far as we 
know) and submit it to the acid copper sulphate solution, we get no attack. 
If we take the same steel and quench it from 2300 degrees Fahr., we get a 
mixed structure of austenite and chromium-ferrite (or martensite) and with 
these two phases together we do get copper sulphate disintegration. In this 
case, we have no nickel present nor can it be a question of carbide deposition 
because the treatment by which we make our steel susceptible to the attack is 
one which dissolves the carbide. Thus in a simple chromium iron, the presence 
of austenite and ferrite together will induce attack very similar to the chro- 
mium-nickels but if we have the ferrite alone we do not get it. We also know 
in our chromium-nickel steels that when we have only the gamma phase we do 
not get it, but when we get the alpha and gamma together we do get it. This 
observation regarding the behavior of simple chromium irons may be of value 
to those who are doing so much work on the chromium-nickel alloys. 

Dr. J. A. MatHews:® Mr. Palmer’s remarks are the first I have heard 
mentioning the application of the copper sulphate solution to plain chromium 
iron. I was just about to suggest that we had found the same effect as Mr. 
Palmer mentioned. In that steel we are not dealing with the austenite phase 
present in great quantity, even when quenched from 2300 degrees Fahr. as 
suggested. 

Now, the microstructure will show that there are carbides present in the 
plain chromium iron after low temperature treatment at 1000 or 1100 degrees 
Fahr. 

Suppose that those carbides have come out of a solid solution and that 


SAssistant to the president, The Carpenter Steel Company, Reading, Pa. 


*Vice-president, Crucible Steel Company of America, New York City. 
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there has been chromium impoverishment. We still must have left 22 or 23 per 
cent chromium in solid solution, and it would hardly seem that ferrite containing 
23 per cent of chromium was particularly subject to chemical attack. In the 
presence of all these people who have been studying this subject so diligently, 
| would like to suggest a doubt whether we have as yet explained the cause of 
the intergranular attack, I mean the embrittlement attack, when we say “im- 
poverishment” or “carbide precipitation,” or both. I am under the impression 
that the carbides on the grain boundaries which are colored, as shown in the 
picture, are not so much affected in the attack. I think it is more that shaded 
boundary—possibly you might call it a troostite—rather than the actual car- 
bides which you can see are responsible for embrittlement. 





Author’s Closure 


The author is pleased to note that Mr. R. L. Duff is in accord with the 
subject matter of the paper. He represents a company that is one of the 
largest users of the alloy for elevated temperature service. 

Professor Sauveur points to the decomposition of the gamma solid solu- 
tion with formation of the alpha phase at grain boundaries and crystallographic 
planes. The precipitation of carbides is then permitted at these points be- 
cause of the lowered solubility of carbon in this phase. It is probable that this 
occurs in the ordinary 18-8 alloy because of its nearness to boundary composi- 
tion in the austenite field. On the other hand, the same phenomena of car- 
bide precipitation and intergranular embrittlement seems to hold in alloys con- 
taining substantially more nickel. In such cases, carbide precipitation results 
at grain boundaries and elsewhere without decomposition of the gamma solution 
as measured by magnetic susceptibility tests. This would point to decreased 
solubility of carbon in the undecomposed gamma phase which permits sufficient 
carbide precipitation to do harm at certain temperatures. A method to delay 
unstability of the chromium-nickel-carbon austenite or to increase carbon solu- 
bility in the gamma phase at the lower temperatures would be welcomed. In 
the meantime our best defense is to reduce the carbon content of the alloy to 
a minimum. 

While grain boundaries do invite precipitation, they do not control decom- 
position nor subsequent carbide precipitation, consequently, the greater their 
extent, the more favorable will be the distribution of the precipitated carbides 
which must precipitate in any event. That is to say, for any given composi- 
tion, the decomposition and precipitation under equilibrium conditions will be 
the same in amount regardless of grain size. Dr. Sauveur’s discussion was 
welcomed and suggests the interesting study of decomposition in extremely 
large grained alloys. 

Concerning Mr. Wright’s discussion, the heat treatments given the test 
pieces in Part II of the paper were not commercial treatments in any sense 
but were purely to induce certain differences in grain size which might be 
studied. The finishing temperature of the hot-rolled bar stock was not known, 
but it could not have been much below the recrystallization temperature, other- 
wise strain markings would have occurred within the grains and elongated 
grains would have been evident in longitudinal sections. 
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Many manufacturers have insisted on quenching the material from above 
2000 degrees Fahr. and, while this is desirable for many low temperature ap- 
plications, it 1s not considered desirable by the author for applications where 
the alloy is to operate within the carbide precipitation range. The higher 
short time tensile values for the hot-rolled materials are not important in the 
light of recent creep investigations. While the 1900 degrees Fahr., quenched 
material is not as satisfactory as the hot-rolled alloy, it is agreed that regula 
tion of the time at heat at this temperature would produce a finer and more 
beneficial structure. 

It is believed that regulation of grain size of commercial products such as 
tubes or plate of 18-8 alloys intended for elevated temperature service, will 
result in a more reliable alloy. This is being done in our own mill at the pres- 
ent time and, although the grain size is not altogether uniform, it does not 
matter so much as long as the average size is below a certain value. It is 
gratifying that several important consumers have recognized the value of 
small-grained material and have so indicated by specifying heat treatment or a 
maximum grain count. This is largely due to work instigated by the author 
and called to the attention of consumers. 

The author was pleased to receive Mr. Romer’s comments, and his experi- 
ments showing the silicon containing alloy to be similarly affected, are ex- 
tremely interesting. From some additional experiments recently conducted, it 
is believed that ductility at elevated temperature and corrosion-resistance after 
heating of many of the austenitic stainless compositions, are influenced by 
grain size in precisely the same manner as ordinary 18-8. 

Discussion by Dr. Strauss, the inventor of this interesting and useful steel 
alloy and by his co-worker, Dr. P. Schafmeister, is indeed gratifying to the 
author. Their discussion is a distinct addition to the paper. It 1s also most 
pleasing to find their experiences and experiments a substantiation of the con- 
clusions arrived at in my paper. 

Although my data were purely to call attention to the comparative proper- 
ties and corrosion-resistance of large and small-grained alloy, it is agreed that 
the production of fine grain may be accomplished by comparatively heavy reduc- 
tions at low temperatures and by short heating time in heat treating after 
working. In this connection, the heat treating temperatures must be carefully 
controlled to produce the desired result. The grain size, on recrystallization of 
the alloy, is affected by strain, time and temperature. 

In the introduction of the paper it was pointed out that maximum benefit 
to certain properties was secured by heat treating according to the original 
patented heat treatment and for low temperature applications, maximum corro- 
sion-resistance and greatest ductility in the cold are thus secured. 

It is interesting that Dr. Strauss has recognized the value of fine-grained 
alloy for elevated temperature service and has evolved a procedure and applied 

for a patent in which the working temperature, degree of deformation and dura- 
tion of heating cycle are controlled so as to produce a satisfactory grain size. 

The results of Drs. Strauss and Schafmeister’s tests shown in Figs. 2 and 
3 closely parallel my tests although the differences shown by them are not so 
great as between fine and coarse-grained alloys. The speed at which the 
sample is pulled is of importance but was constant in my tests at 0.08 inch 
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per minute in every specimen pulled. The time, 2 to 15 minutes for rupture 
to occur, therefore, depended entirely on the ductility of the specimen as affected 
by grain size. The distance the cross heads of the testing machine traveled 
before the specimen broke was governed by the individual ductility of the 
specimen as the pulling speed was not altered throughout the tests. 

The data shown in Table III of their discussion is interesting and points 
out that long heating does not seriously affect properties of the metals at room 
temperature. The impact value of the higher carbon alloy is reduced to a 
greater extent than the lower carbon, particularly at 800 degrees Cent. (1470 
degrees Fahr.). The explanation given for the nonappearance of intercrystal- 
line corrosion at the lower quenching temperatures may explain in part, the 
resistance of the low carbon alloy to this form of attack. The precipitation of 
carbides at 1600 or 1700 degrees Fahr., followed by reparation of boundary 
by diffusion at these temperatures, results in greater resistance to intercrystal- 
line attack. Again the remaining carbon in solution at such temperatures may 
not be sufficient to cause damage at the lower temperatures, particularly if 
sufficient boundary extent is available. The micrographs shown in their Figs. 
6 and 8 are of relatively high carbon content alloy and may not depict the 
condition that would obtain with low carbon material. 

Discussion by one so well informed on iron-nickel-chromium alloys as Dr. 
Aborn is indeed welcomed. Concerning the effect of time and quenching tem- 
perature on the location and magnitude of the maximum corrosion rate shown 
in Fig. 17, it is believed that the magnitude would be affected to a greater 
extent than the location. While a comparative study has been made of several 
different alloys, the effect of heat treatment on corrosion rate after tempering 
has not been studied to any great extent because of the difficulty of ascertaining 
true loss in weight after intergranular corrosion has taken place. In this con- 
nection, the corrosion rate of the alloy is of lesser importance than its ability 
to resist intergranular attack. 

The discontinuities in the strength curves, especially in the low carbon alloy, 
were so pronounced that it is logical to ascribe them to transformations. 
Lester” found a well defined transformation point on both heating and cooling 
in 0.09 per cent carbon 18-8 alloy. On heating, this temperature was 1330 
degrees Fahr. (720 degrees Cent.) which closely checks the temperatures 
found by the author on testing the 0.05 per cent carbon alloy after heating 
one hour. While it is agreed that the sluggishness of the alloy might result 
in transformation occurring over a wide range of temperatures, the sluggish- 
ness would be greatly reduced by the combined effect of long heating and 
mechanical work during pulling of the specimens at elevated temperature. This 
would result in an approach to equilibrium and possibly a maximum amount 
of ferrite. This is also accompanied by ferrite formation due to carbide precipi- 
tation making the effect additive. The partial solution of the ferrite formed by 
long heating and mechanical work could then be interpreted as marking the A; 
point and produce such alteration in structure as to provide maintained strength 
at the temperatures shown in Fig. 4. The increase in strength between 1500 


WH. H. Lester, “The Brittle Range in 18 and 8 Chromium-Nickel-Iron,”’ Transactions, 
American Society for Steel Treating, Vol. 16, Nov. 1929, p. 743. 
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and 1600 degrees Fahr. could then mark the temperature at which total trans- 
formation of austenite occurs. It is somewhat difficult to visualize these trans- 
formations in such light because of the sluggishness of the alloy and the 
changes in composition induced by carbide precipitation. As suggested by Dr. 
Aborn, magnetic and X-ray observations on the fractured test specimens should 
throw much light on these points. 

The theories on intergranular corrosion presented in Mr. Stefanides’ dis 


cussion are most interesting. Grain boundary strain or electrolytic corrosion 


may be in part the answer to the phenomena of disintegration of these alloys. 


The writer has endeavored in his paper to point out the susceptibility of such 
attack as influenced by grain size rather than describe the mechanism by which 
the alloys fail. In industrial applications, reduction of susceptibility to inter- 
granular failure is an important step. 

The term “Strauss Embrittlement Test” has been used in the paper to de- 
scribe the copper sulphate-sulphuric acid corrosion test employed after tem- 
pering the 18-8 alloy. In justice to Dr. W. H. Hatfield, whom I recently 
visited in Sheffield, I learned that this test was a development of the Brown- 
Firth Laboratories and was subsequently called to Doctor Strauss’ attention. 
Doctor Strauss later adopted it as a means of studying weld decay. 

I was pleased to have the comments of Mr. DeForest concerning stress, 
and I hope at some time stress-corrosion tests will be made on these alloys. 

I was pleased also to have the comments of Mr. Palmer. They were very 
interesting and point to some work that could be done to identify the carbides 
that could come down. 

Replying to Dr. Mathews, most of the failures of the intergranular type 
have been in the 18-8 alloy and not in the straight chromium alloy. 

In conclusion, I wish to thank all those who have taken part in the inter- 


esting discussions of my paper. 




















INSPECTION OF WELDS WITH GAMMA RAYS 


By GILBert E. Doan 


Abstract 


[he gamma-ray method gives adequate results for 
the mspection of welds, according to tests made by the 
author at Lehigh University. Tests on good welds and 
bad welds revealed each kind without fail. Not only 
were the defects plainly visible in the bad welds, but the 
good welds were revealed as sound, in each case. The 
welds were fusion welds made in Y%-inch and S*<-inch 
steel plate, by five different commercial firms, and sub- 
mitted for test. The tests were carried out by two under- 
graduate students. 


HE penetrative power of gamma rays has been shown’ adequate 

for inspecting steel castings as thick as 10 inches. The sensitivity 
of the method reveals flaws as slight as 2 per cent of the total thick- 
ness of the object examined. These limits of penetration and 
sensitivity would seem to indicate the method as entirely suitable 
for inspecting welds. Certainly, the penetration is adequate, for 
few welds are made in members above 6 inches in thickness. 

But there might be some doubt whether the particular types 
of flaws which may occur in welds would be revealed by this method 
of inspection. For instance, shrinkage cracks, cold laps or lack of 
fusion, porosity and slag inclusions are among the faults found in 
welding that is improperly or carelessly done. Will the gamma-ray 
method reveal these flaws? How clearly will they be observed? 
Are any particular precautions necessary for such inspection? These 
are the questions which naturally arise. 


It would create an erroneous impression to indicate here that 
final perfection of the gamma-ray method for inspecting welds had 
been achieved, for such is not the case. There will no doubt be 
many refinements and improvements in this field in the years to 








1Mehl, Doan and Barrett, Transactions, American Society for Steel Treating, Vol. 18, 
1930, p. 1192. 





A paper presented before the Thirteenth Annual Convention of the society 
held in Boston, September 21 to 25, 1931. The author, Gilbert E. Doan, is a 
member of the society and is Associate Professor of Physical Metallurgy, 


Lehigh University, Bethlehem, Pa. Manuscript received June 20, 1931. 
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GAMMA-RAY INSPECTION OF WELDS 


Showing Method of Setting Up Welded Specimens to be Gamma-Rayed 


Poca 


Fig. 
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come. The purpose of this description is merely to show how well 
the method in its present state is suited to the examination of welds, 
where desired. The experiments were carried out at Lehigh Uni- 
versity at the time of the Annual Welding Symposium, and the 
results were exhibited to the guests present. 

Two welds each were submitted by five commercial companies, 
one very good weld and one as bad as it was possible to make it, 
from each company. The thickness of the welds proper ranged from 
0.60 up to 1.00 inches. All welds were of the electric are type. 
The radium was a very small capsule (1/20 gram) lent for the 


purpose by the Radon Co. Because of the very small quantity of 


radium used, the exposure time was unusually long, as will be seen be- 
low. Eastman duplitized X-ray film was used in duplicate, and in con- 
tact with lead foil. The usual methods of developing and fixing 
for such films were followed. The weld specimens were supported 
as shown in Fig. 1, the thinner welds being placed farther from 
the radio-active source, so that the exposure time would be the 
same for all specimens. The distances were from 31 to 36 inches. 
Twenty weld specimens prepared for tension test were exposed at 
the same time, as appears in the picture also. 

The exposure time was about 18 hours with 1/20 gram of 
radium in accordance with the graphs of Barrett, Gezelius and 
Mehl.?- With one gram it would be reduced to less than one hour. 
While some 30 specimens were exposed at this time it is obvious 
that less than ,',; of the space around the radium was used. With 
proper mounting, several hundred specimens could be exposed at 
one time. Thus the time of exposure per specimen, with a one 
eram source, would be in the neighborhood of 10 seconds. Ex- 
tremely short exposure time is, however, in general of no great 
advantage. 

The preparation of the films, as well as their exposure and devel- 
opment, was carried out by two undergraduate students, J. R. Hewitt 
and Reed Laird, of the Department of Metallurgy. The results 
are shown in Figs. 2 to 5 and beneath each radiograph is shown the 
fractured weld, after the films had been removed. It was neces- 
sary to saw partly through each weld in order to make it break at 
that point rather than outside the weld, for most of the welds had 
been built up to a much thicker section than that of the plates in 


*Barrett, Gezelius and Mehl. Metals and Alloys, Dec. 1930. 
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GAMMA-RAY INSPECTION OF WELDS 


Fig. 2—Gamma-Ray Radiograph of a Defective Weld. The Frac 
ture of the Weld is Shown Below. 


which the weld was made. The saw marks are visible in each 
fracture. 

The results show that the makers of the welds possessed sur- 
prisingly good control over the process, and were able to make a 
perfect weld or a very defective weld at will. 


Figs. 2 and 3 show the gamma radiographs of two defective 


welds. Fig. 2 shows an extreme degree of porosity and slag in- 
clusions. The entire weld is honey-combed. Fig. 3 shows lack of 
complete fusion. 
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Fig. 3—Gamma-Ray Radiograph of a Defective Weld Showing Considerable Por- 
osity. The Fracture of the Weld is Shown Below. 


While the gamma radiographs, like other radiographs, do not 
reproduce well, still they are comparatively easy to interpret as com- 
pared with the fracture reproductions. The fractures lose intel- 


ligibility due to absence of color in the reproductions. Thus the 
blue color of a hot shrinkage crack, or the brightness of a gas pocket, 
as compared with the dull appearance of a slag inclusion, are not 
distinguishable in the photographs of the fractures. 

Figs. 4 and 5 show the gamma radiographs and fractures of 
the two sound welds. It is just as important that the method of 
inspection shall show no indication of defects which are, in fact, 
not present, as it is for the method to reveal defects in unsound 
welds. 


DISCUSSION OF RESULTS 


Of the 10 welds tested (four of which are shown in Figs. 
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Fig. 4—Gamma-Ray Radiograph of a Sound Weld. The Fracture of the Weld is 





are not : Shown Below. 

tures of 2 to 5) the gamma-ray method made it possible to pick out the five 
‘thod of A defective ones without error, and showed the five sound ones as such. 
in fact, { The degree of definition and the sensitivity of the method seem to 
unsound be adequate to reveal the flaws which are present in improperly 






made welds of this kind. It is important in examining welds that 






the distance from source of radiation to weld be as great as the 






strength of the source and the time available will permit, as was 
done in this case. 
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Fig. 5—Gamma-Ray Radiograph of a Sound Weld. The Fracture of the Weld 
is Shown Below. 
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DISCUSSION 


Written Discussion: By Herbert R. Isenburger, Secy.-Treas. St. John 
X-Ray Service Corporation, 505 Fifth Avenue, New York City. 

We have used and are using both these methods (X-rays and gamma rays) 
to great advantage in particular cases and have been impartial observers to 
their respective merits. It is our opinion that gamma-ray inspection does not 
lend itself advantageously to the examination of welded test plates. Nothing 
in Dr. Doan’s paper leads us to change our opinion. 

As Dr. Doan mentioned, the tests described in his paper have been made 
during the Welding Symposium at Lehigh University on the 27th of March, 
1931. At that time Dr. Doan read a paper on this same subject to which | 
submitted a written discussion. I also had the opportunity after the sessions 
to discuss our problems with Dr. Doan. At that time I expressed the wish 
to see some practical results, especially on welds in 3-inch and heavier plate 
stock. I had hoped that in his new paper Dr. Doan would tell us something 
of his experiences in practice. Unfortunately, this is not the case. The results 
shown by Dr. Doan strongly indicate that gamma-ray inspection of welds | 
inch thick and less is not advisable. 

The purpose of radiographic examination is to study the interior conditions 
of the weld and possibly to draw conclusions from these conditions which will 
modify or correct the welding technique. Radiographic examination may be 
applied to the training of welders, to develop proper welding procedure, to 
check up on technique during production, and so on. It has been our experience 
in routine inspection of welded test plates that X-rays will do the job perfectly, 
since this method is quick, reliable and economical. 

All these applications just mentioned need as accurate results as possible, 
giving as much detail of the interior conditions as can be obtained. As Dr. 
Doan states, the bad welds have been made purposely as poor as possible. I 
fully agree with him that such material will never be found in ordinary con- 
struction. We, therefore, cannot see the value of using such—to say the least- 
unusual conditions as examples for the appearance of the most important de- 
fects. Besides, the pictures only show how poorly even the most exaggerated 
defects will show up in a radiograph. 

Dr. Doan states that he used 1/20 gram of radium and exposed the test 
plates for 18 hours. One gram would have reduced the exposure time to less 
than an hour, he states. The secret of getting good results in radiography is 
the focal spot. We want to use as fine a focus as possible in order to obtain 
sharply defined outlines. In X-ray inspection we are using a point like source, 
whereas in gamma-ray inspection we have to use an elongated capsule. 
Naturally, the larger the amount of radium the bigger this container. We, 
therefore, are bound to obtain a much less intense image with a large amount 
of radium than we would with a smaller quantity. This means for Dr. Doan’s 
tests that his set-up was as ideal for gamma-ray inspection as it could have been. 
Any larger amount of radium would have given him much less detail in the 
pictures than he obtained, and even these we consider unsuitable. But I am 
sure that with one gram of radium we would not have been able to obtain any 
results, due to the very broad focal spot. 
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With each of his illustrations Dr. Doan shows a photograph of the frac- 









ture of the weld. I think that these photographs do not help toward under- 
standing the meaning of the radiographs, in some cases they may even be 
misleading. 
If lack of fusion exists in a weld, it would usually occur in such fine cracks 
-unless it is accompanied by slag inclusions—that it requires the best technique 
to detect it even with the much more sensitive X-ray method. We herewith 
attach an X-ray photograph, in Fig. 1, of a double “V” weld in 34-inch plate. 





















Fig. Double V Weld on %-Inch 








This shows lack of fusion through the root of the weld and general porosity. A 
cross-section at “L” is shown in the macrograph at the lower right and a 
length section of the same portion at the left in 3 times magnification. After 
having seen Dr. Doan’s results, we are certain that these severe conditions 
would not have been disclosed in a radiograph. 

Having had considerable experience with both gamma and X-rays and 
after having seen these negative results, we must say that the gamma-ray 
method is not sensitive enough and not fast enough for the examination of 
test plates where we want to get an immediate answer with very accurate 
and reliable results, not to speak of the great expense which is quite inap- 
propriate for this purpose. We would have liked to have heard something from 
Dr. Doan about the economical aspects of his method. 

Our own experience with gamma-ray inspection lies primarily in the field 
of steel castings. There are distinct advantages for this method especially 
on thicknesses above 3 inches of steel. We could see similar uses for weld 





inspection; for instance, to examine the circumferential seams of pressure 
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vessels. It would not be economical on longitudinal seams. Radium cannot be 
used for the inspection of welded boilers which fall under the latest A.S.M.E. 
Code requirements, since with this method we will not find defects “of a thick- 
ness 2 per cent of the base plate”; about 3 per cent is the limit. For most 
of the other welded constructions which should be inspected, gamma-rays would 
be much too slow. 

Besides the very great cost of radium, it is dangerous to handle this 
material continuously, since even with the greatest precautions one will be 
exposed to the rays which in time accumulate in the body. Dr. Doan raises 





Fig. 2A—X-ray Photograph Through a Very Porous Weld. 


the question of the necessity of precaution, but nowhere in the article is this 
question discussed. We do not know of any sufficient precaution to protect the 
operator against final injuries. 

In answer to his question, “Will the gamma-ray method reveal these 
flaws?” we should say: In most cases where we want to use gamma rays they 
will not be sensitive enough to distinguish between the various defects. In 


“ee 


answer to his question, “How clearly will they be observed?” we should say: 
Defects can be observed if larger than about 3 per cent of the total thickness 
of the material, if the steel is more than 3 inches thick. 

In the matter of inspecting welds with the gamma-ray method all of his 
questions will have to be answered negatively. There may, however, be a field 
for radium inspection of welded structures for heavier thicknesses than com- 
mercially available X-ray apparatus can penetrate in a reasonable exposure 
time, or it may be used for field inspection, where it would be easier to bring 
a small capsule of radium to the job than to set up X-ray equipment. We 
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Fig. 2B—Radiograph of the Same Weld Made with a Large Amount of 
Radium. 


Fig. 2C—-Radiograph Made with Small Amount of Radium Using Longer Ex- 
posure. 


would like to hear from Dr. Doan whether such work has been done and with 
what results. 





June 


1932 DISCUSSION—GAMMA-RAY INSPECTION OF WELDS 


In order to confirm our conclusion, we have made the following test: <A 
fusion welded test plate 34-inch thick was X-rayed, using a_ suitable ex- 
posure technique to obtain a picture in one minute. Fig. 2A shows. this 
X-ray which is a little overexposed, but still you can observe numerous small 
spots within the weld zone which indicate a general bad porosity. There are 
also some fine cracks visible on the negative; unfortunately these details have 
been lost in reproduction. 

We then made two radiographs, using the same exposure technique as 
before, but changed the time of exposure so that we expected to obtain a good 
penetration. That we did get this penetration can be seen by the image of a 
little lead marker which shows up in each case. 

The radiograph Fig. 2-B was made under conditions similar to those Dr. 
Doan used for his tests. We exposed the plate for 11 hours to the radiation 


of 10 milligrams of radium. You can clearly notice the number 1, but you 


are not able to determine from this picture that it was made of a very porous 
weld. In fact any expert would pass such a radiograph as of sound material. 

The second radiograph Fig. 2-C was obtained from 335 milligrams of 
radium in a 20-minute exposure. The diffused image of the number illus 
trates the previous statement that the broader the focal spot the less sharpness 
of the details will be obtained. Although we get more penetration here than 
in the first radiograph, the defects present in the weld cannot be observed. 

Before starting the radium tests we fastened a punched sheet of steel rep- 
resenting 2.5 per cent of the thickness of the plate alongside the weld. In 
none of the radiographs this marker can be observed. We would like to know 
from Dr. Doan how he determined his 2 per cent factor in the test described. 

Concluding our discussion as to the practical aspects of gamma-ray inspec- 
tion of welds, we rather doubt whether they can be employed for this purpose. 
Our test indicates that we will not be able to obtain the actual conditions of 
the inside of the metal. And if we get any of the defects they certainly are 
greater than 3 per cent of the total thickness. This means that we will not 
be able to detect lack of fusion which is the most important defect we want 
to find. And since a doubtful nondestructive test is worse than none at all, 
we would not recommend radium inspection of welds thinner than 3 inches. 

Written Discussion: By J. C. Lincoln, president, The Lincoln Electric 
Company, Cleveland. 

This paper by Dr. Doan opens up the whole subject of inspection by 
photographs of the weld metal. 

The most disturbing factor in connection with this is the fact that all 
that the photograph shows is the relative amount of metal in each part of 
the weld. The variation in density shows on the plate as the variation in 
density of light photographed. The unfortunate situation is that a surface 
imperfection will make just as much variation in the photograph as an imper 
fection under the surface. While surface imperfection may have nothing to 
do with the strength of the weld, it will show as an imperfection just as much 
as a hole in the weld metal, which would weaken it materially. Therefore, 
if any photographic means is used for determining the strength of weld cer 
tainly the photographs of the upper and lower surface should also be shown 
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with the X-ray or gamma-ray photograph. The results cannot be judged 
without it. 

Sometime the general public will appreciate the fact that welding has 
advanced to the point where the necessity for these precautions has long since 
passed. 

We buy steel, which has a certain number of imperfections, and use it 
without photographing each piece, and yet the chances for imperfections in 
the steel are certainly as great as the chances for imperfections in the weld 
if standard methods are used. 

We still trust our lives to castings without photographing them in spite 
of the fact that imperfections are much more probable than would be the case 
in welds made under proper procedure control. We trust our lives to con- 
crete where the possibility for imperfection is enormously greater than in 
any of the cases cited above. The only reason we question the weld is because 
of its newness, and newness is something which will be cured by time. 

Written Discussion: By James W. Owens, director of engineering, 
Welding Engineering and Research Corporation, New York City. 

I have read with interest Dr. Doan’s paper, and prior to the meeting had 
the opportunity of not only reading over the discussion of Mr. Isenburger but 
collaborating with him on an investigation to determine the correctness of his 
conclusions that the gamma ray is not suitable for detecting small defects as 
found in welds. 


‘ 


An examination of the “sound weld” shown in Figs. 4 and 5 of Dr. Doan’s 
paper would apparently verify these conclusions, for the fracture shows de- 
fects in the welds which are not indicated in the radiographs, although the 
depth of these defects appears to be greater than 2 per cent of the plate thick- 
ness, or the limit set by Dr. Doan. 

The fracturing of a weld longitudinally through its center does not give 
any information on the most serious and likely defect to be found in a welded 
joint, viz., a lack of fusion of the base metal with the weld metal, and materially 
restricts the examination within a very narrow plane. 

Mr. Isenburger’s examinations of the welded plate furnished by us for this 
purpose and wherein he used both the X-ray and the gamma ray, seem to 
confirm his conclusions as to relative effectiveness of the two methods in 
determining the soundness of a weld. The X-ray photograph indicates a con- 
siderable amount of porosity, whereas the radiographs are free from porosity 
and from their general appearance one would conclude that the weld was sound. 

Of course, even admitting that the gamma ray has its limitations, neverthe- 
less its portability feature gives it a field of usefulness not possessed by the 
X-ray and under certain conditions, particularly where large defects are to 
be expected and avoided as in heavy castings, it would be of such an advan- 
tage that its shortcomings, insofar as the detection of small defects is con- 
cerned, could be overlooked, i.e., provided other shortcomings mentioned by 
Mr. Isenburger would not prohibit its use. 

H. R. Isenspurcer: I would like to add a few words to the remarks Dr. 
Doan made just now but which were not preprinted. He stated that the con- 
tainer in which the radium is carried around weighs just a few pounds. It 
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is necessary to use at least 2 inches of lead in order to protect yourselves 
against the gamma radiation. One per cent of the gamma rays will come 
through 2 inches, and such a container may weigh about 50 pounds. I handle 
radium and I always have to take a car if I want to carry that around. 

Another statement Dr. Doan made was that X-ray equipment was only 
used in the laboratory. We have been doing this kind of work for years 
and we have sent around our X-ray equipment, in one case to a factory where 
they fabricated pipe, and had a furnace right next to the place where we set 
up the equipment. Frequently, X-ray equipment is used in the boiler shop now 
since the new boiler code requirements call for X-ray inspection of welded 
pressure vessels. 

I just wanted to correct Dr. Doan in those statements. 

WitLtaAM D. Hatsey:' I have not seen this paper before. I have only had 
an opportunity to read it over since I came in the room, and perhaps my read 
ing is not very good but I[ have not found in it just what thickness of plate these 
specimens were. It would be interesting to know that. In Fig. 2 there is 
shown the gamma-ray picture of the weld and the fracture specimen. While 
I believe that it would be admitted by anybody who is at all acquainted with 
either gamma-ray or X-ray examination of weld, that that weld is one which 
you would not consider a good one, at the same time I would expect to find 
a much greater degree of defect shown on the gamma-ray film than is indi 
cated here. That looks to be in the fractured specimen quite a defective 
weld. To my mind it does not match up, as I would expect it to match up, 
in the gamma-ray film. On the specimens shown in Figs. 4 and 5, they have 
been broken apparently through the middle of the weld. I agree with Mr. 
Isenburger that it would have been interesting if X-ray pictures had been made 
of those same welds. In the insurance business we are particularly interested 
in knowing if we are getting a sound weld. One of the defects that we are 
finding more or less common is the slag inclusion on the side wall. Are we 
certain that in these particular welds we do not have slag inclusion on the side 
wall? A comparison would have been valuable in that respect. 

Dr. G. M. Enos:’ I would like to ask Dr. Doan if any macroscopic or 
microscopic studies were made of the sections to supplement the work of the 


gamma rays. If the X-rays were not used, perhaps the microscopic studies 
might have been helpful. 


Author’s Closure 


I suppose the development of a new method always arouses certain doubts 
in the mind of those interested in the older methods, and I think these doubts 
when freely expressed are of real assistance in the conservative growth of 
the new development. I must point out again, I think, that each method, the 
old and the new, has specific advantages for meeting certain conditions and 


without a doubt both will continue to be used. It is quite true that the 
advantage of thickness, in which the gamma-ray method will show the great- 
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est advantage over X-ray, is in that thickness above 3 inches. I think results 
from the testing of welds 3 inches thick and thicker will soon be available. 
In regard to the question about the sensitivity of the method and how that 
was determined, a paper covering this phase and published in the December 
issue of Metals and Alloys, in 1930, should be consulted. The sensitivity was 
determined by milling slots of different thicknesses in a piece of boiler plate, 
enclosing that plate in a pile of similar plates, and finding out after exposure 
of the whole pile of plates what was the smallest slot that would register on 
the film. This paper gives exact quantitative data. 

As to the tests of a weld which Mr. Isenburger made with X-rays and 
then repeated with gamma rays, I would not attempt to criticize his meth- 
ods of using gamma rays, knowing, as I do, so little about the exact procedure 
which he followed in using them. 

The question of risk, I think, is important, because it occurs to one’s mind 
at once, and I want to repeat at this time that the examination of materials 
by gamma rays does not involve any danger to the operator if he is content 
to use the devices recommended for his use. 

This is an important statement and is based on personal experience as 
well as published authority. I think we must keep that clearly in mind. It 
is quite possible to be careless with radium, as with anything else, any other 
powerful tool, but if the prescribed precautions are followed, there is no neces- 
sary exposure or risk involved. 

In reply to Mr. Lincoln, I entirely agree that a surface inspection should 
always accompany radiography. It is scarcely conceivable that visual inspec- 
tion of the exterior would be omitted if one is sufficiently interested to examine 
the interior of the weld. It will not always be desirable or necessary, how- 
ever, to record the surface appearance photographically. 

The thickness of the plates should have been given. They were half inch 
plates, with the exception of one shown in Fig. 2, the porous one, which was 
Sg inch. The thickness of the welds is given in the paper. 

Mr. Owens points out that lack of fusion in a weld would not be shown 
by a fracture of the weld. One of the five “bad” test specimens in which lack 
of fusion existed “fractured” in such a way that the original machined sur- 
face of the scarf was exposed. We did not confine the fracture strictly to 
the center of the weld. 

What is important in this connection, however, is the fact that a weld 
in which lack of fusion is the only defect, that is, one in which the weld metal 
fits the “V” as if machined to size, but is otherwise entirely homogeneous 
and sound, would in any kind of radiographic test, if made horizontally, appear 
sound. Fortunately, lack of fusion is usually, if not always, accompanied by 
porosity and slag inclusions, which defects do show up readily upon radiography. 

Relative to Mr. Owens’ estimation at “more than 2 per cent” for the frac- 
tures in “good” welds, Figs. 4 and 5, and Mr. Halsey’s remarks, I would cau- 
tion against attempting to estimate so closely from a photograph, especially 
where the shadows are as deceptive as they are in photographs of rough frac- 
tured surfaces. I would prefer to refer their attention to the quantitative tests 
in Metals and Alloys mentioned above. 
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I agree that it would have been interesting to show X-ray radiographs 
of the same welds for comparison with gamma rays. I think that would have 
been valuable, but the purpose of the paper was not to show that one method 
was better than another, but merely to show the possibility of the gamma-ray 
method for defects relatively small. 

In reply to Dr. Enos, no micrographic or microscopic studies of the welds 
were made. As far as we know, radiography is not of much help in that 


respect. 


As to the diffraction patterns, the wave length of gamma rays as compared 


with the interplanar distance in the crystal, that is atomic dimensions, is too 


small to give any diffraction value. 
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PUBLICATIONS OF THE AMERICAN SOCIETY 
| FOR: STEEL TREATING 


The present publications of the American Society for Steel 
Treating are as follows: 


Metal Progress Gamsed monthly) 

National Metals Handbook (biennially) 

The Review {monthly except July and August) 
eee (monthly beginning Nov. 1931) 


Each of these. lications i is mailed to. every member of 
the society in go¢ . Junior members receive all of 
these publication: ds issued excepting the National Metals 
Handbook, whi Ps iy y be seeured by a Junior member for an 
additional fee i 
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You Sitoald Have These Books for 
Your Library 


Published by the A.S.S.'T., these books contain sound, practical 
information that will aid you materially in your daily work 
and will make a fitting addition to your library. 


Guendiing of Steel—French, Herbert J. 
172 pages, 6x9, 105 ill, cloth 


Characteristics of various cooling media 
(coolants) discussed at length. Cooling 


properties for center and surface’ cooling 


of steel are treated quantitatively. 


The Constitution of Steel and Cnet Feet 
Sisco, Frank 
332 pages, 6x9, 105 il, cloth. ... ee: 
A well grounded book that meets the de- 
mand for a fairly.elementary discussion of 
the theory of the eh and nay 

treatment of steel and cast iron. 


Heat Treatment, Properties and Uses of: 
Steel—Knowlton, H.. B. 
- $4.50. 


437 pages, 6x9, 94 ill., cloth... 
A comprehensive book devoted to the . 
treatment and processing of all types of 
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iron and steel, emphasizing shop problems | 


and selection of the. peeves steels, 


The Application ite we the Steel . 


154 pages, 6x9, 35 iL, cloth.. 
Review of English Steel ali manipu- 


lation and treatment, spécial steels, cor- ~ 


rosion and acid resisting steels, effect of 


ee ee _— 


steels, 


" Nitriding Symposium—By Several Leaders 
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ry. Heating ¢ycles, proper and improper 
; @ conditions, control of ammonia 
proper steels and service. results of 


rome aac at length. 


“Prinelples of Steel and Its Treatmeni— 
~ Bureau of Standards 

"93 pages, 6x0—paper $1.00, cloth. . .$1.50 

ok cobetive treatise on the heat ateatment 
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162 pages, 6x9, 138 ill., clot, ......$3.00 

Comprehensive study of inclusions in fer- 
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$267 pages, 6x9, 166 ill., cloth 
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